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ABSTRACT
High visual sensitivity is a common but important characteristic of animal eyes. It is
especially critical for night vision. In animal eyes, photoreceptors are the first to receive the
incoming rays of light and they convert the light signals to electrical signals before passing
the information to interneurons in the eye and finally to the brain.
To function in dim light conditions, photoreceptors have developed high sensitivities to
light. It is reported that both mammalian rod photoreceptors and Drosophila photoreceptors
can detect single photons.
The high sensitivities of photoreceptors largely depend on a high content of rhodopsin, a
light-stimulated G protein-coupled receptor (GPCR), in light sensory organelles, outer seg-
ments in mammals and rhabdomeres in Drosophila. Two shared characteristics, the tightly
packed photoreceptive membrane and the high concentration of rhodopsin in the mem-
brane, work together to enable the photoreceptors to achieve the high content of rhodopsin
in photosensory organelles in both mammals and Drosophila. In this thesis, I have used
the Drosophila eye as a model system to study the molecular mechanisms required for the
maintenance of these two characteristics.
In the second chapter, I present a new molecular mechanism of preventing Gq-mediated
rhabdomeral degeneration. A new gene named tadr (for torn and diminished rhabdomeres),
when mutated, leads to visual sensitivity reduction and photoreceptor degeneration. De-
generation in the tadr mutant is characterized by shrunken and disrupted rhabdomeres.
The TADR protein interacts in vitro with the major light receptor Rh1 rhodopsin, and ge-
netic reduction of the Rh1 level suppresses the tadr-induced degeneration, suggesting the
degeneration is Rh1-dependent. Nonetheless, removal of phospholipase C (PLC), a key
enzyme in phototransduction, and that of Arr2 fail to inhibit rhabdomeral degeneration in
v
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the tadr mutant background. Biochemical analyses reveal that, in the tadr mutant, the Gq
protein of Rh1 is defective in dissociation from the membrane during light stimulation.
Importantly, reduction of Gq level by introducing a hypomorphic allele of Gαq gene greatly
inhibits the tadr degeneration phenotype. These results may suggest that loss of a potential
TADR-Rh1 interaction leads to an abnormality in the Gq signaling, which in turn triggers
rhabdomeral degeneration independent of the PLC phototransduction cascade. We propose
that TADR-like proteins may also protect photoreceptors from degeneration in mammals
including humans.
In the third chapter, I present a Drosophila CUB- and LDLa-domain transmembrane
protein CULD that counteracts the visual arrestin Arr1-mediated endocytosis to retain
rhodopsin in rhabdomeral membrane. CULD is mostly localized in rhabdomeres, but is
also detected in scarce rhodopsin endocytic vesicles that contain Arr1. An intracellular
region of CULD interacts with Arr1 in vitro. In both culd mutant and knockdown flies, a
large amount of rhodopsin is mislocalized in the cell body of photoreceptors through light-
dependent, Arr1-mediated endocytosis, leading to reduction of photoreceptor sensitivity.
Expressing a wild-type CULD protein in photoreceptors, but not a mutant variant lacking
the Arr1-interacting site, rescues both the rhodopsin mislocalization and the low sensitivity
phenotypes. Once rhodopsin has been internalized in adult mutant flies, it is reversed only
by expression of CULD but not by blocking endocytosis, suggesting that CULD promotes
recycling of endocytosed rhodopsin to the rhabdomere. Our results demonstrate an impor-
tant role of CULD in the maintenance of membrane rhodopsin density and photoreceptor
sensitivity. We propose that a common cellular function of CUB- and LDLa-domain pro-
teins, in both mammals and invertebrates, is to concentrate receptors including GPCRs in
particular regions of cell membrane.
In summary, the work addressed in this thesis has identified new molecular mecha-
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nisms underlying the maintenance of visual sensitivity in Drosophila, either through pre-
venting Gq-mediated rhabdomeral degeneration or through antagonizing arrestin-mediated
rhodopsin endocytosis. This work has advanced our understanding of visual biology and
the general regulatory mechanisms of GPCR signaling, and may provide valuable clues to
pathologic studies of human retinal degeneration disorders.
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CHAPTER I: INTRODUCTION
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21.1 Visual sensitivity
We use sensory systems to get to know the world. Among them, vision is of the most
importance. It allows animals to navigate in the world; to judge the speed and distance of
objects; and to identify food, other species and familiar or unfamiliar members of the same
species (Squire et al., 2003).
Vision begins with light entering the eye. In mammals, light is projected onto the retina,
a three-layered thin neural structure with five types of neurons. Among them, photorecep-
tors are the first to receive the incoming rays of light. Photoreceptors convert the light
signals into transmittable electrical signals before passing the information to interneurons
in the eye and finally to the brain (Squire et al., 2003).
To work in dim light, animal photoreceptors have developed utmost sensitivities to light.
Mammalian eyes have two types of photoreceptors: rods and cones. While cones function
during daytime and are responsible for color vision, rods are specialized for nighttime
vision (Squire et al., 2003). Loss of rod cells causes night blindness in several human
retinal disorders, such as retinitis pigmentosa (RP) that affects about 400,000 Americans
(www.preventblindness.org).
It is reported that rod cells are capable of detecting single photons (Rieke and Bay-
lor, 1996). Such a high sensitivity largely depends on a high amount of rhodopsin molecules
in the outer segment, the light sensory organelle of the rod photoreceptor. The following
two characteristics enable the rod outer segment to contain the high amount of rhodopsin:
1) The tightly packed membrane structure of the outer segment. It is consists of a plasma
membrane that encloses a stack of about 1,000 closely spaced optic discs (Fig.1.1B).
The membrane structure dramatically increases the sensory membrane area so that a huge
amount of rhodopsin molecules can be packed in (Hardie and Raghu, 2001; Squire et al.,
32003). Degeneration of the outer segment leads to reduction of rod sensitivity (Lem and
Fain, 2004). 2) The high rhodopsin concentration in the optic disc membrane. It has been
reported that rhodopsin molecules occupy about 50% of the membrane (Palczewski, 2006).
Decrease of rhodopsin concentration in the membrane reduces rod sensitivity.
In addition to relying on the high rhodopsin amount, the utmost sensitivities of pho-
toreceptors also depend on the exceedingly low spontaneous activity of rhodopsin and
downstream signaling molecules, which sets the limit on the absolute sensitivity of pho-
totransduction (Rao et al., 1994; Dizhoor et al., 2008; Tsang et al., 2007).
In this thesis, we are studying the mechanisms required to maintain the high amount of
rhodopsin in photoreceptor sensory organelles by discussing the following two questions.
How do photoreceptors maintain the membrane structure of light sensory organelles?
How do photoreceptors maintain the concentration of rhodopsin in photoreceptive mem-
brane?
We will use Drosophila as a genetic system to study these questions.
1.2 Drosophila visual system
The Drosophila compound eye is made up of about 800 units, known as ommatidia
(Fig. 1.1C). Each ommatidium contains 8 photoreceptors. Six peripheral photoreceptors,
R1-R6, extend the full length of the retina (∼85µm), and project to the first optic ganglion,
the lamina (Rao, 2005). These photoreceptors all express the same blue/green sensitive
rhodopsin (Rh1) (Scavarda et al., 1983; O’Tousa et al., 1985; Zuker et al., 1985) and they
mediate motion vision (Rister et al., 2007; Yamaguchi et al., 2008). R7 and R8 localize
in the center and are restricted to the upper and lower halves of each ommatidium, respec-
tively, and they project to the second optic ganglion, the medulla (Rao, 2005). Each R7 or
4R8 expresses only one opsin gene out of four central photoreceptor opsins that exhibit dif-
ferent spectral sensitivities, so they mediate color vision (Franceschini et al., 1981; Fryxell
and Meyerowitz, 1987; Montell et al., 1987; Zuker et al., 1987; Chou et al., 1996; Huber
et al., 1997; Chou et al., 1999).
Rhodopsin and arrestins
The light to electrical signal transduction (phototransduction) begins with rhodopsin,
the light receptor (Fig.1.2). A rhodopsin consists of an opsin protein and a chromophore.
Upon exposure to light, the chromophore (3-hydroxy-11-cis retinal in Drosophila) absorbs
a photon and isomerizes almost instantaneously from 11-cis to all-trans. The isomerization
alters the shape of the retinal, forcing a conformational change of the opsin, a G protein-
coupled, seven transmembrane domain protein (Montell, 1999). The activated rhodopsin
in turn activates the heterotrimeric G protein (Scott et al., 1995).
The deactivation of rhodopsin mainly depends on visual arrestins, which, compet-
ing with G protein, bind activated rhodopsin to deactivate it (Fig.1.2) (Ranganathan and
Stevens, 1995). Arrestins comprise two domains of antiparallel β-sheets connected through
a hinge region and one short α-helix on the back of the amino-terminal fold (Granzin
et al., 1998). Both N-terminal and C-terminal domains of arrestin contribute in binding to
rhodopsin (Skegro et al., 2007). There are two arrestins expressed in Drosophila photore-
ceptors, arrestin1 and arrestin2 (Arr1 and Arr2) (Smith et al., 1990; Hyde et al., 1990; Ya-
mada et al., 1990; LeVine et al., 1990). Elimination of Arr2 significantly decreases the
deactivation rate of photoresponse (Dolph et al., 1993). Although elimination of Arr1 does
not show discernible delay in deactivation, the arr1;arr2 double mutant displays a much
slower deactivation rate compared to the arr2 single mutant (Dolph et al., 1993), suggest-
ing Arr1 also participates in deactivation. The dissociation of arrestins from rhodopsin may
depend on the CaMKII-dependent phosphorylation of arrestins (Lu et al., 2009).
5Besides being rapidly deactivated by visual arrestins, Drosophila rhodopsin also under-
goes activity-dependent endocytosis for desensitization (Alloway et al., 2000; Kiselev et al.,
2000; Satoh and Ready, 2005; Han et al., 2007). When exposed to light, three rhodopsin-
interacting proteins (Arr1, Arr2 and Gq) bind to activated rhodopsin and induce rhodopsin
endocytosis (Alloway et al., 2000; Kiselev et al., 2000; Satoh and Ready, 2005; Han et al.,
2007). Arr1-mediated light-dependent rhodopsin endocytosis is detected at the pupal stage
in wild-type flies (Satoh and Ready, 2005). Elimination of Arr1 blocks rhodopsin endocy-
tosis and causes rhabdomeral degeneration, suggesting that Arr1-mediated endocytosis is
critical for photoreceptor maintenance (Satoh and Ready, 2005). However, it is still unclear
whether the endocytosed rhodopsin through the Arr1-mediated pathway is recycled back
to rhabdomeral membrane for resensitization or is transported to lysosome for degradation.
Arr2 forms stable complex with activated rhodopsin during light stimulation and recruits
AP2 to induce rhodopsin endocytosis (Alloway et al., 2000; Kiselev et al., 2000; Orem
et al., 2006). Excessive Arr2-mediated endocytosis leads to downregulation of rhodopsin
(Orem and Dolph, 2002) and apoptotic photoreceptor cell death (Alloway et al., 2000; Kise-
lev et al., 2000). Although this endocytic pathway is only detected in mutant flies (Alloway
et al., 2000; Kiselev et al., 2000; Satoh and Ready, 2005; Wang et al., 2005), it might
also be critical for photoreceptor maintenance in wild-type flies because blockage of Arr2-
mediated endocytosis results in rhabdmeral degeneration (Orem et al., 2006). Gq also in-
duces light-dependent rhodopsin endocytosis in some mutant flies, including in arr2 flies
(Han et al., 2007). The consequence of excessive Gq-mediated endocytosis is to cause
rhodopsin downregulation (Han et al., 2007). However, the importance of the Gq-mediated
pathway is hard to evaluate because elimination of Gq in wild-type background does not
have any morphological defect (Vino´s et al., 1997). When light is off, rhodopsin is no
longer being activated. Therefore, Arr1, Arr2 and Gq do not bind rhodopsin and endocy-
6tosis does not occur. To my knowledge, there is no report to show the fate of internalized
Arr1, Arr2 and Gq.
G protein
The effector of the light-activated rhodopsin is an eye-specific heterotrimeric G protein,
Gq (Fig.1.2) (Scott et al., 1995). γ subunit of the βγ dimer binds the activated rhodopsin
(Kisselev and Downs, 2003). The α subunit binds GDP and associates with the βγ dimer
in the inactive state. Receptor activation accelerates the exchange of bound GDP for free
GTP, followed by the dissociation of active Gα-GTP from the βγ subunits (Devary et al.,
1987; Alberts et al., 2002). Unlike the mammalian visual G protein (Gt) that activates a
phosphodiesterase (PDE) to close cGMP-gated channels (Squire et al., 2003), Drosophila
G protein (Gq) stimulates a phospholipase C (PLC) (Bloomquist et al., 1988). At the same
time, PLC functions as a GTPase-activating protein (GAP) to increase the rate of Gα-
binding GTP hydrolyzation , thereby deactivating G protein (Cook et al., 2000; Wang et al.,
2008).
The α subunit (Gαq) of the heterotrimeric G protein undergoes light-dependent translo-
calization, which is an important light adaptation mechanism of fly photoreceptor (Kosloff
et al., 2003; Cronin et al., 2004; Elia et al., 2005; Frechter et al., 2007). During light stim-
ulation, Gαq translocates from the rhabdomere to the cytosol within 5 min and the quantity
of translocated Gαq depends on the intensity of illumination (Kosloff et al., 2003; Cronin
et al., 2004). This process requires rhodopsin activity. Loss of rhodopsin causes Gαq
to locate in the rhabdomere during light stimulation (Cronin et al., 2004) and constitu-
tively active rhodopsin results in persistent localization of Gαq to the cytosol (Kosloff
et al., 2003; Iakhine et al., 2004). After removal of light, Gαq gradually translocates
from the cytosol to the rhabdomere, taking about 2.5 hours for full recovery (Kosloff
et al., 2003; Cronin et al., 2004). The photoreceptor-specific myosin NINAC is required
7for this process. The rate of Gαq transport from the cell body to the rhabdomere is signifi-
cantly reduced in the ninaC null mutant (Cronin et al., 2004). The βγ dimer is also required
for the recovery of Gαq localization back to the rhabdomeral membrane. After removal of
light, no recovery is detected in the Gβ mutant (there is no detectable γ subunit in this Gβ
mutant by western blot) (Kosloff et al., 2003; Elia et al., 2005).
Phospholipase C and channels
Gα-GTP activates PLC through binding its C-terminus (Kim et al., 1996), but the
molecular details are unknown. Crystal structure of PLC illustrates occlusion of the ac-
tive site by a loop separating the two halves of the catalytic TIM barrel (Hicks et al., 2008).
However, it remains unclear how Gα-GTP removes such autoinhibition.
Given that PLC catalyzes the conversion of phosphatidylinositol-4,5-biphosphate (PIP2)
to inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Fig.1.2) (Alberts et al., 2002),
there are two possibilities to open the light-sensitive channels, transient receptor potential
(TRP) and transient receptor potential-like (TRPL) (Wong et al., 1989; Niemeyer et al.,
1996; Reuss et al., 1997).
Several studies indicate that IP3 is not involved in TRP and TRPL activation. Release
of caged IP3 is not capable of opening TRP and TRPL channels (Hardie and Raghu, 1998),
and loss of the only known Drosophila IP3 receptor in the eye has no effect on activation
of TRP and TRPL (Acharya et al., 1997; Raghu et al., 2000a).
However, it appears that DAG or its metabolites are necessary for TRP and TRPL ac-
tivation (Fig.1.2). TRP and TRPL are constitutively activated if DAG is not timely phos-
phorylated by DAG kinase (Raghu et al., 2000b). Although DAG usual effector, protein
kinase C (PKC), is not required in this process, as loss of the eye-specific PKC does not
affect the activation of phototransduction (Smith et al., 1991; Hardie et al., 1993); DAG
may serve as a potential precursor of polyunsaturated fatty acids (PUFAs) to open TRP and
8TRPL channels. Application of PUFAs from a nearby puffer pipette activates both TRP and
TRPL channels (Chyb et al., 1999). Moreover, DAG lipase that catalyzes DAG to PUFAs
is necessary for TRP channel activation (Leung et al., 2008).
The opening of TRP and TRPL channels leads to Ca2+ influx and depolarization of
photoreceptors (Wong et al., 1989; Niemeyer et al., 1996; Reuss et al., 1997). The Ca2+
can be rapidly removed from photoreceptors by the Na+/Ca2+ exchanger CalX during and
after light stimulation (Wang et al., 2005a).
Photoreceptor output
Photoreceptor depolarization evokes the release of photoreceptor neutrotransmitter his-
tamine that gates chloride channels on large monopolar cells (LMCs), postsynaptic to pho-
toreceptors in the lamina (Sarthy, 1991; Gengs et al., 2002; Pantazis et al., 2008). Adap-
tation improves the efficiency of neural encoding from photoreceptors to LMCs (Zheng
et al., 2009; Nikolaev et al., 2009). Adaptation enhances both the frequency and amplitude
distribution of LMC output by improving sensitivity to under-represented signals within
seconds (Zheng et al., 2009). Moreover, such adaptation needs both the light-mediated
conductance and feedback-mediated synaptic conductance (Nikolaev et al., 2009).
After light is off, the histamine in the synaptic cleft is removed by glial cells, where
it is converted into carcinine (Fabian-Fine et al., 2003; Borycz et al., 2002). Carcinine is
then released by glia and taken up by photoreceptor cells, where it is converted back into
histamine (Borycz et al., 2002).
Drosophila phototransduction occurs in the rhabomere, which is the analogue of the rod
outer segment. A rhabdomere is made up of about 60,000 tightly packed microvilli (Fig.
1.1A) (Zuker, 1996). Like optic discs in the outer segment, these microvilli extensively in-
crease the area of photosensitive membrane in the Drosophila photoreceptor. Additionally,
more than 100 million rhodopsin molecules packed in the membrane of microvilli in each
9rhabdomere (Zuker, 1996). Thus, similar to rod cells, Drosophila photoreceptors have a
tightly organized photosensitive membrane structure and high rhodopsin concentration in
the membrane, which together ensure a high amount of rhodopsin molecules in the sensory
organelle and enable photoreceptors to achieve high sensitivities to light. Because of this,
we can use Drosophila photoreceptor as a genetic model to study how it controls the activ-
ities of signaling molecules to prevent the sensory organelle from degenerating and how it
maintains the high concentration of rhodopsin in the photoreceptive membrane.
1.3 Advantages of Drosophila in the study of visual functions
There are great technical advantages of using Drosophila to study visual functions.
First and foremost, Drosophila is a powerful model organism for genetic researches.
Firstly, Drosophila genome is completely sequenced in 2000 (Adams et al., 2000; My-
ers et al., 2000). Much of Drosophila genome is evolutionarily conserved, and many of
the genes found in Drosophila have orthologous human counterparts. In addition, the
low level of genetic redundancy of Drosophila makes it easy to study the functions of
these gene products. Secondly, a large number of advantageous techniques and tools are
available to temporally and spatially manipulate gene expression in Drosophila (Johnston,
2002). Thirdly, Drosophila genetics is also greatly benefited by the shared resources from
Drosophila stocks (Bloomington Drosophila Stock, Exelixis Collection, Veinna Drosophila
RNAi Center et al.). Last but not least, Drosophila has a very short life cycle and one fly
can produce up to a thousand progeny at minimal expense.
Additionally, defects in Drosophila visual functions can be detected by a simple as-
say, electroretinogram (ERG) recording. ERG records the summed potential change in the
extracellular medium of the eye due to light-induced current flow. It mainly represents
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the sum of the light-induced electrical activities in photoreceptors. Typical ERGs contain
a negative plateau that is maintained throughout the light stimulus and transient spikes at
both light-on and light-off, known as on-/off-transients (Fig. 1.3A). Upon light stimulation,
the influx of cation through TRP/TRPL channels causes a rapid depolarization of photore-
ceptors and a decrease in the extracellular potential, which maintains during stimulation.
After removing the light stimulation, TRP/TRPL channels close and ERG curve rapidly re-
turns to the baseline. Most alterations of light response based on ERG recordings are due to
defects in photoreceptors, although the on- and off-transients are believed to be caused by
synaptic transmission between photoreceptors and their target neurons (Montell, 1999; Pak
and Leung, 2003). If photoreceptors in a mutant fly have lower light sensitivities, we will
need a higher light intensity to trigger a visible ERG response. Thus we can use ERG
to easily screen a large number of flies to look for mutants with defective light response,
including those with low visual sensitivities.
Moreover, the rhabdomere morphology of Drosophila can be examined in intact fly
eyes using simple assays such as deep pseudopupil and optical neutralization assays. In the
optical neutralization assay, fly heads are separated from the body and immersed in a layer
of lens oil to optically neutralize the cornea. On the stage of a microscope, a spotlight is
shone into the head from the neck side for antidromic illumination of the compound eye.
The rhabdomeres that appear as bright dots due to high transmission of light are counted
for each upright ommatidium (Franceschini and Kirschfeld, 1971). In this method, all
six peripheral (R1-R6) and the R7 central rhabdomeres of each ommatidium are detected
as individual light spots in wild-type flies (Fig. 1.3B). The light spot is invisible if the
rhabdomere diminishes or has dissembled microvilli (Fig. 1.3B). Benefited from the optical
neutralization assay, we can easily screen a large number of flies to look for mutants with
defects in rhabdomeral morphology.
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1.4 Maintenance of photoreceptor sensitivity in Drosophila
To reach high sensitivity, the Drosophila photoreceptor contains a high amount of
rhodopsin, which is achieved by the tightly packed microvilli in the rhabdomere and the
high rhodopsin concentration in microvillar membrane.
1) Maintenance of rhabdomeral structure
Photoreceptors appropriately regulate the activities of phototransduction signaling molecules
to maintain rhabdomeral structure. Constitutive activities and improper regulation of visual
signaling proteins always lead to necrotic photoreceptor degeneration (Ranganathan, 2003).
Such degeneration can be protected by blockage of phototransduction. For example, the
mutant of the major rhodopsin Rh1, Rh1pp100, is constitutively activated and causes rhab-
domeral degeneration, which can be partially rescued by genetic reduction of Gq level
(Iakhine et al., 2004). Moreover, in arr2 mutants, Rh1 cannot be timely deactivated, and
thus induces light-dependent retinal degeneration (Dolph et al., 1993). The degeneration is
suppressed by introducing a hypomorphic allele of norpA (which encodes PLC) (Alloway
et al., 2000). The activity of TRP channel also needs to be appropriately regulated to
prevent overstimulation-mediated necrotic photoreceptor degeneration. For example, the
constitutive active mutant of TRP channel, TrpP365 shows severe degeneration and the de-
generation is partially rescued by introducing a copy of hypomorphic allele of trp mutant,
trpCM (Yoon et al., 2000). Additionally, the rdgA mutant shows early on-set retinal degen-
eration. rdgA encodes a DAG kinase. Without DAG kinase, DAG cannot be phosphorylated
and it will continually activate TRP channels. Genetic reduction of TRP level can suppress
the rdgA-induced degeneration (Raghu et al., 2000b).
In addition to regulating the activities of signaling molecules, photoreceptors also tightly
control the endocytosis of rhodopsin to prevent apoptotic degeneration. In norpA and rdgC
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mutants, Arr2 cannot be dissociated from the inactivated form of Rh1 and thus forms a
stable complex with Rh1, which leads to apoptotic photoreceptor degeneration (Alloway
et al., 2000; Kiselev et al., 2000). The degeneration can be suppressed by introducing a
mutant form of Drosophila dynamin, which is critical for most GPCR endocytosis. The de-
generation can also be suppressed by blockage of the formation of the Rh1-Arr2 complex
through reducing the expression level of Rh1 or Arr2 or mutating the Rh1-Arr2 binding
sites in either molecule.
Similar mechanisms also function in mammalian photoreceptors. Appropriate regula-
tion of rhodopsin signaling and binding affinity with visual arrestin plays a crucial role
in the maintenance of outer segments in rod photoreceptors (Lem and Fain, 2004; Chen
et al., 2006).
2) Maintenance of rhodopsin concentration
Although the high rhodopsin concentration in rhabdomeral membrane is obviously im-
portant for the maintenance of photoreceptor sensitivity, very limited studies have reported
the mechanisms underlying the maintenance of rhodopsin concentration. Vitamin A is re-
quired for the production of rhodopsin. A lack of vitamin A in food leads to loss of night
vision and this is primarily due to a lack of the high concentration of rhodopsin in light sen-
sory organelles of photoreceptors in both mammals and Drosophila (Katz et al., 1991; Har-
ris et al., 1977). Moreover, the visual arrestin Arr2 and the F box protein dFbxl4 (regulated
by dCAMTA) control the Gq-mediated Rh1 endocytosis to prevent the downregulation of
Rh1 and the reduction of photoreceptor sensitivity (Han et al., 2007).
Previous studies have provided valuable information about the mechanisms to pre-
vent reduction of photoreceptor sensitivity. There are still many important questions to
be addressed. Two such questions are: How do photoreceptors regulate other signaling
molecules (in addition to Rh1 and TRP) to maintain the structure of rhabdomeres? How do
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photoreceptors antagonize the arrestin-mediated endocytosis to achieve the high rhodopsin
concentration in rhabdomeral membrane? In this thesis, I present our findings regarding
these questions.
In the second chapter of my thesis, I present a work that identifies TADR as a protein
required to prevent Gq-mediated rhabdomeral degeneration. In the tadr mutant, activated
Gq protein is retained on the rhabdomeral membrane, which causes rhabdomeral degen-
eration independent of PLC and leads to visual sensitivity reduction in an age-dependent
manner (Fig. 1.4). These studies were published in J Neurosci (2008)28: 13478-13487.
In the third chapter of this thesis, I present a molecular mechanism that antagonizes
Arr1-mediated rhodopsin endocytosis. Loss of a CUB- and LDLa-domain (CULD) protein
leads to the Rh1 mislocalization and the reduction of photoreceptor sensitivity. CULD
interacts with Arr1, which is important for the CULD in vivo function that counteracts
Arr1-mediated Rh1 endocytosis, at least partially through recycling endocytosed Rh1 back
to the rhabdomere.
In short, studies in this thesis have identified new mechanisms underlying the main-
tenance of visual sensitivity in Drosophila, either through preventing Gq-mediated rhab-
domeral degeneration or through antagonizing rhodopsin endocytosis. This work advances
our understanding of visual biology and the general regulatory mechanisms of GPCR sig-
naling, and may provide valuable clues to pathologic studies of human retinal degeneration
disorders, such as RP, which may help to reveal therapeutic approaches.
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Figure 1.1
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Figure 1.1. Photoreceptor structure.
A) In Drosophila, the photoreceptive membrane is organized into tightly packed, tubu-
lar microvilli, each 1–2 µm long and 60 nm in diameter, together forming a ∼100 µm-long
rhabdomere.
B) Vertebrate rod outer segments (ROS) (∼35 µm long) contain stacks of membranous
discs (∼1,000), known as optic discs. In both cases the overall structure serves to maximize
absorption of light by forming a cylindrical light-guiding structure with a high density of
rhodopsin-containing membrane (Hardie and Raghu, 2001).
C) Single ommatidium. Left panel: single ommatidium at an angle 90◦ from the surface
of the compound eye. co, cornea; primary PC, primary pigment cell; psC, pseudocone;
secondary PC, secondary pigment cell; R1-6, photoreceptor cells 1-6; R7, photoreceptor
cell 7; R8, photoreceptor cell 8. Right panel: cross sections through the distal and proximal
regions of the ommatidium. Seven photoreceptor cells are present in any given plane of
section. The ovals represent the rhabdomeres. The photoreceptor cell bodies are numbered.
A secondary pigment cell, a tertiary pigment cell and a mechanosensory bristle cell are
indicated (Wang and Montell, 2007).
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Figure 1.2
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Figure 1.2. Drosophila phototransduction.
Upon light exposure, rhodopsin activates G protein, which in turn stimulates PLC. PLC
hydrolyzes PIP2 to IP3 and DAG. DAG or its metabolites (PUFAs) are required for the
opening of TRP and TRPL channels, thereby resulting in Ca2+ influx and photoreceptor
depolarization. Visual arrestins bind activated rhodopsin to deactivate it and PLC functions
as a GAP to deactivate G protein. See the text for detail.
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Figure 1.3
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Figure 1.3. Electroretinogram (ERG) recordings and optical neutralization assay.
A) ERG performed on wild type using orange light. Amplitude (mV) and time-scale
(s) markers are included. The on- and off-transients and the maintained component (mc)
are indicated (Wang and Montell, 2007).
B) Light microscopic images of rhabdomeres of wild type (upper panel) and ninaCP325
(lower panel) visualized by the optical neutralization assay. Note that ninaCP325rhabdomeres
were severely degenerated (Porter and Montell, 1993).
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Figure 1.4
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Figure 1.4. The tadr mutant shows an age-dependent visual sensitivity reduction. Flies
were raised in normal light/dark cycles. The error bars represent s.e.m.. The asterisk (*)
indicates the significant difference from the paired samples (*: P<0.05).
CHAPTER II: MUTATION OF A TADR PROTEIN
LEADS TO RHODOPSIN AND Gq-DEPENDENT
RETINAL DEGENERATION IN DROSOPHILA
The work presented in this chapter is reproduced from a study by Ni et al., published in
J. Neurosci. (Ni et al., 2008)
This work was conducted under the direction of Dr. Hong–Sheng Li and it is with grat-
itude to him and the other authors that I reproduce these data for the purpose of this disser-
tation. My contribution in this work was to execute the majority of the experiments includ-
ing mapping the mutation, generating the transgenic fly and double mutants, optical neu-
tralization analysis, toluidine blue staining, immunostaining, electroretinogram recordings,
real-time RT-PCR, glutathione–sepharose binding assay, Arr2 binding and release assays,
light–stimulated GTPγS binding assay and light–dependent Gq localization assay. Peiyi
Guo contributed by conducting the whole–cell recordings. Keith Reddig contributed by
conducting electron microscopy and sectioning samples for toluidine blue staining. Mirna
Mitra contributed by mapping the mutation. Dr. Hong–Sheng Li did the EMS screen. Dr.
Hong–Sheng Li and I prepared the manuscript together.
22
23
2.1 Abstract
The Drosophila photoreceptor is a model system for genetic study of retinal degener-
ation. Many gene mutations cause fly photoreceptor degeneration, either due to excessive
stimulation of the visual transduction (phototransduction) cascade, or through apoptotic
pathways that in many cases involve a visual arrestin Arr2. Here we report a gene named
tadr (for torn and diminished rhabdomeres), which, when mutated, leads to photoreceptor
degeneration through a different mechanism. Degeneration in the tadr mutant is charac-
terized by shrunk and disrupted rhabdomeres, the light sensory organelles of photorecep-
tors. The TADR protein interacted in vitro with the major light receptor Rh1 rhodopsin,
and genetic reduction of the Rh1 level suppressed the tadr mutation–caused degeneration,
suggesting the degeneration is Rh1–dependent. Nonetheless, removal of phospholipase C
(PLC), a key enzyme in phototransduction, and that of Arr2 failed to inhibit rhabdomeral
degeneration in the tadr mutant background. Biochemical analyses revealed that, in the
tadr mutant, the Gq protein of Rh1 is defective in dissociation from the membrane during
light stimulation. Importantly, reduction of Gq level by introducing a hypomorphic allele
of Gαq gene greatly inhibited the tadr degeneration phenotype. These results may suggest
that loss of a potential TADR–Rh1 interaction leads to an abnormality in the Gq signaling,
which in turn triggers rhabdomeral degeneration independent of the PLC phototransduc-
tion cascade. We propose that TADR–like proteins may also protect photoreceptors from
degeneration in mammals including humans.
Key words: Retinal degeneration, Rhodopsin, G protein, Photoreceptor, Drosophila,
GPCR, Cation amino acid transporter
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2.2 Introduction
Degeneration of rod and/or cone photoreceptors is a defining characteristic of retinitis
pigmentosa (RP), a subset of human hereditary retinal diseases that cause night blindness
followed by progressive loss of vision (Hartong et al., 2006). Many identified causal genes
of RP encode key components of the visual transduction (phototransduction) cascade in
photoreceptors (Hartong et al., 2006; Daiger et al., 2007). For instance, mutation in the light
receptor rhodopsin is a prevalent cause of autosomal dominant RP (Kaushal and Khorana,
1994; Wilson and Wensel, 2003), and loss of rhodopsin regulatory proteins, arrestins and
a rhodopsin kinase, causes Oguchi disease, an autosomal recessive form of RP (Fuchs
et al., 1995; Yamamoto et al., 1997; Dryja, 2000). In addition, several other RP genes are
required for the trafficking and maturation of rhodopsin molecules (Hartong et al., 2006).
Thus, abnormalities in rhodopsin signaling pathways are major causes of photoreceptor
degeneration. Nonetheless, in many RP cases, it remains puzzling why the product of
an affected gene is important for photoreceptor protection. More importantly, the mutant
genes in about 40% of RP cases have yet to be identified (Hartong et al., 2006; Daiger
et al., 2007).
The Drosophila photoreceptor is a genetic model system for the study of both photo-
transduction (Montell, 1999; Hardie and Raghu, 2001) and retinal degeneration (Ranganathan,
2003). The whole visual transduction cascade is localized in a packed microvillar struc-
ture rhabdomere (Hardie and Raghu, 2001), which is analogous to the outer segment of
rod and cone photoreceptors. The fly rhodopsin is coupled to a Gq type G protein (Lee
et al., 1994; Scott et al., 1995). Instead of activating phosphodiesterase (PDE) to close
cGMP–gated channels as in mammalian photoreceptors, this fly visual G protein stimu-
lates a norpA gene–encoded phospholipase C (PLC) to open TRP Ca2+/cation channels
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(Bloomquist et al., 1988; Hardie and Minke, 1992; Montell, 1999). To rapidly terminate
the light response, the stimulated rhodopsin molecule is deactivated promptly through a vi-
sual arrestin Arr2 (Dolph et al., 1993) and a dCAMTA/dFbxl4 pathway (Han et al., 2006).
Similar to those in humans, fly mutations in phototransduction molecules including
rhodopsin (Leonard et al., 1992; Kurada and O’Tousa, 1995; Iakhine et al., 2004), PLC
(Meyertholen et al., 1987; Zinkl et al., 1990; Alloway et al., 2000), TRP (Hong et al.,
2002; Wang et al., 2005) and arrestins (Dolph et al., 1993; Satoh et al., 2005) all cause
age–dependent photoreceptor degenerations, which are generally characterized by dimin-
ished rhabdomeres. Several other visual proteins such as a diacylgrycerol kinase RDGA
and a rhodopsin phosphatase RDGC are also essential for photoreceptor protection (Masai
et al., 1993; Kiselev et al., 2000). Fly photoreceptors may degenerate in a necrotic, Ca2+–
dependent manner due to prolonged stimulation of the phototransduction cascade, or through
apoptotic processes (Wang and Montell, 2007). In several mutants including rdgC and
norpA, rhodopsin forms a stable complex with Arr2 to trigger photoreceptor apoptosis
(Alloway et al., 2000; Kiselev et al., 2000). Here we report the isolation of a mutant fly
tadr that undergoes rhabdomeral degeneration through a new pathway.
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2.3 Materials and Methods
Fly genetics
The genotype of wild–type flies is cn,bw unless mentioned otherwise in the text. The
tadr mutant was generated from cn progenitors using the chemical mutagen ethyl methane-
sulfonate (EMS), and recombined into a cn,bw background. Except for the dark–reared
flies that were never exposed to light from the prepupal stage, all others were raised in an
approximately 12 hr light (∼250 lux) /12 hr dark cycle. The mutant alleles of other genes
used in this work are ninaE5, arr25, norpA24, Gαq1, and glass2.
A wild–type CG9264 cDNA was obtained through RT–PCR, subcloned into a pCaSpeR–
hs vector, and injected into w1118 flies to generate p[hs–CG9264] transgenic flies. The
transgene was subsequently crossed into the tadr mutant background. To express the pro-
tein, flies were heat shocked for 1 hr at 37◦C in a water bath once a day from late pupal
stage and examined at 7–days old.
Optical neutralization analysis
This analysis was performed as described previously (Franceschini and Kirschfeld,
1971). In brief, fly heads were separated from the body and immersed in a layer of lens
oil to optically neutralize the cornea. On the stage of a microscope, a spotlight was shone
into the head from the neck side for antidromic illumination of the compound eye. The
rhabdomeres that appeared as bright dots due to high transmission of light were counted
for each upright ommatidium. The mean number of rhabdomeres per ommatidium was
calculated for each genotype and condition based on the results of 30 ommatidia from 5
flies. Standard errors of means (SEMs) were presented as error bars in figures.
Toluidine blue staining and electron microscopy
Fly heads were hemisected, fixed with 2.5% glutaraldehyde in 50 mM sodium cacody-
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late buffer on ice for 4 hours, washed with the buffer solution three times, and fixed again
with 1% osmium tetroxide for 1 hour. After ethanol dehydration, the head tissues were
embedded in LR White resin. Eye cross–sections were cut either at 1 µm thickness and
stained with 1% toluidine blue for light microscopy, or at 100 nm for electron microscopy.
Immunostaining of Rh1
Hemisected fly heads were fixed with 4% of paraformaldehyde in PBS, dehydrated in
acetone, and embedded in LR White resin. Eye cross–sections of 1 µm were cut and stained
with a monoclonal Rh1 antibody (DSHB) and a FITC–conjugated secondary antibody.
Electrophysiological recordings
Electroretinograms were examined as previously described (Li and Montell, 2000) with
minor modifications. Flies were immobilized with thin stripes of tape. Two glass micro-
electrodes filled with Ringer’s solution were put separately on the eye surface and the tho-
rax (as reference). Five–second light pulses (2500 lux) were used to stimulate the eye after
adapting the fly in the dark for one minute. The signal was amplified and recorded using
a Warner IE210 Intracellular Electrometer. For the quantification of response amplitude,
data from six flies were averaged and SEMs were calculated.
For whole–cell recordings, the ommatidia were isolated from flies eclosed within 2
hours in Ca2+–free Ringer solution, and individual peripheral photoreceptors were recorded
as described previously (Han et al., 2006). The pipette and bath solutions were (in mM)
100 potassium gluconate, 40 KCl, 2 MgCl2, 0.1 EGTA, 5 ATP, 0.5 GTP, 10 HEPES (pH
7.15) and 130 NaCl, 5 KCl, 1.8 CaCl2, 5 proline, 25 sucrose, 10 HEPES (pH 7.15), respec-
tively. The resistance of recording pipettes was 5–6 MΩ. Cells were clamped at –70 mV to
examine light–induced currents.
Glutathione–sepharose binding assay
cDNA fragments encoding the intracellular loop IV and the C–terminal tail of TADR
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were amplified through PCR and inserted into a pGEX–5X vector to express GST–fused
proteins (GST–LOOP and GST–TAIL) in bacteria. The fusion proteins were purified with
glutathione–sepharose beads (Amersham). The proteins on beads were incubated with
wild–type fly head extracts in PBS that contains 0.2% Triton X–100 and protease inhibitors
(Roche). After three washes with the incubation solution, the bound proteins were eluted
and subjected to SDS–PAGE and Western blot. The Arr2 antibody is as described (Han
et al., 2006) and the sources of other antibodies were Montell lab (TRP), DSHB (Rh1), and
Sigma–Aldrich (Gq).
Arr2 binding and release assays
Arr2 binding assays were performed as previously described (Satoh et al., 2005) with
modifications. Five heads from dark–reared 1–day–old flies were added into a homog-
enization solution containing 250mM sucrose, 120mM KCl, 5mM MgCl2, 1mM DTT,
10mM MOPS (pH7.0), and Complete protease inhibitors (Roche). For Arr2 binding, heads
were exposed to bright blue light (700 lux) for 4 seconds, homogenized in the dark, and
centrifuged at 13,000 g for 5 min to precipitate the membrane fraction. For release of
membrane–bound Arr2, the blue light–treated heads were exposed to orange light for 8
seconds before homogenization and centrifugation. The pellet and supernatant fractions
were separated under very dim red light and subjected to SDS–PAGE and Western blot.
Assay of light–stimulated GTPγS binding
One–day–old, dark–reared flies were divided into two groups of 25 flies. Fly heads of
the dark group were collected under dim red light, homogenized in 125µl of the homoge-
nization buffer, and centrifuged at 13,000 g for 5min to precipitate membrane. After one
wash with the homogenization buffer, the membrane fraction was resuspended in 25 µl
of ice–cold reaction buffer (2mM 2–mercaptoethanol, 5mM MgCl2, 5mM creatine phos-
phate, 50 U/ml creatine kinase, 0.25mM ATP, 15µM GDP, and 50mM Mops pH6.7). After
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5 µl was saved for the determination of Gq protein level using Western blot, the membrane
sample was added into 80µl reaction buffer that contains 25nM GTPγ35S, and incubated
in the dark for 10 min at room temperature. Membrane sample of the light group was pre-
pared and incubated in the same way, except that the incubation and all other steps were
conducted under blue light illumination (700 lux). The reactions were terminated by addi-
tion of 0.5ml ice–cold rinsing solution (2mM 2–mercaptoethanol, 5mM MgCl2, and 50mM
Mops pH6.7) followed by prompt filtration through glass–fibre filters (Whatman). The fil-
ters were rinsed with 2.5 ml of solution for 4 times, and air dried. The radioactivity on each
filter was measured using a Beckman liquid scintillation counter. The level of GTPγS bind-
ing in each sample was normalized to the Gq protein level. The light–stimulated binding
was calculated by subtracting the value of dark group from that of light group.
Assay of light–dependent Gq localization
The light–dependent Gq localization was examined following a previously described
method (Kosloff et al., 2003). One group of 6 dark–reared flies less than one day old were
exposed to bright blue light (700 lux) for one hour, while another group were kept in the
dark. The heads were removed under dim red light, homogenized in 30µl of hypotonic
homogenization solution [20mM HEPES, pH 7.6, with protease inhibitors (Roche)], and
centrifuged at 13,000 g for 5min to precipitate the membrane fraction. The pellet was
washed, centrifuged again, and the supernatants were combined. Both the pellet and super-
natant fractions were subjected to SDS–PAGE and Western blot.
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2.4 Results
2.4.1 tadr flies undergo rhabdomeral degeneration
The tadr mutant was identified using an optical neutralization technique, which is for
observation of light passing through each rhabdomere in the fly eye (Franceschini and
Kirschfeld, 1971) (see method). In this method, all six peripheral (R1–R6) and the R7
central rhabdomeres of each ommatidium are detected as individual light spots in wild–
type fly eyes (Fig. 2.1A). The light spot will be invisible if the rhabdomere diminishes
or has dissembled microvilli. Based on this assay, we conducted a small–scale chemical
mutagenesis screen for genes critical for rhabdomere integrity on chromosome 2. Out of
273 homozygote–viable lines, we isolated two fly mutants with undetectable rhabdomeres
at the age of two weeks (Fig. 2.1A and data not shown). One mutant is a new allele of
the gene Pph13, which is required for rhabdomere morphogenesis (Zelhof et al., 2003), the
other is tadr.
To confirm that the invisibility of rhabdomere in the optical neutralization assay (Fig.
2.1A) is due to disruption of rhabdomere structure in the tadr mutant, we conducted elec-
tron microscopy (EM) to examine cross–eye sections of 2–week–old flies. In contrast to the
tightly packed microvillar structure found in wild type, the mutant peripheral rhabdomeres
had detached and broken microvilli (Fig. 2.1B), and the overall length of microvilli was
much shorter than wild type. Based on this EM observation, we named the mutant tadr,
for torn and diminished rhabdomeres. The central R7 rhabdomeres in the tadr mutant con-
tained normally attached microvilli, although many of these rhabdomeres were deformed.
The tadr phenotype could either be caused by rhabdomeral degeneration, or due to a
defect in the development of rhabdomeres. We examined eye sections of 1–day–old tadr
mutant, and found that rhabdomeres were virtually normal in these young flies (Fig. 2.2A).
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In contrast, the microvilli of most peripheral rhabdomeres were severely shortened in 7–
day–old flies, although they were not detached as in 2–week–old flies (Fig. 2.2A). Thus,
the tadr phenotype may reflect a degeneration of rhabdomeres. This is further supported
by the following toluidine blue (TB) staining and optical neutralization assays.
The TB staining of cross–eye sections revealed the rhabdomeres of the wild–type fly as
dark ovals, with peripheral ones much larger than the R7 (Fig. 2.2B). In tadr mutant flies,
most rhabdomeres had normal morphology at 1 day old (Fig. 2.2B). When the fly became
7 days old, however, the average size of peripheral rhabdomeres severely decreased, with
many of them even smaller than R7 (Fig. 2.2B,C). In optical neutralization analyses, most
peripheral rhabdomeres were visible in 1-day-old flies, about half of them became invisible
at 7 days, and by the 13th day, almost no peripheral rhabdomeres were detected (Fig. 2.2D
and Fig. 2.9). Those rhabdomeres showing abnormal shapes and reduced sizes in the TB
staining were probably not detectable in the optical neutralization assay due to their low
capabilities of light transmission.
In EM analyses, no significant abnormality was observed in the cell bodies of peripheral
photoreceptors at early stages of rhabdomeral degeneration (Fig. 2.2A), suggesting the
degeneration is originated from the rhabdomeres. However, when the mutant fly grew to 2
weeks of age, many cell bodies also shrunk severely (Fig. 2.1B).
2.4.2 The tadr mutant has smaller light response
Despite the degeneration of rhabdomere, the peripheral photoreceptors in 7–day–old
tadr mutant flies are responsive to light (Fig. 2.10). Nonetheless, in electroretinogram
(ERG) recordings, the light responses of tadr fly had smaller amplitudes and slower termi-
nation when compared to wild type (Fig. 2.3A).
In 1–day–old tadr flies that only had a very subtle degeneration, the amplitude of ERG
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response was already smaller than wild type and was the same as that in the more degen-
erated, 7–day–old mutant flies (Fig. 2.3A). This temporal discrepancy between the ERG
defect and the degeneration phenotype may suggest that the small ERG response is not
simply caused by the morphological abnormality in rhabdomere. However, we found these
two phenotypes are genetically linked to each other, and thus could be due to mutation of
the same gene.
2.4.3 CG9264 is the gene disrupted in the tadr fly
As degeneration assays require long–time aging of flies, we instead mapped the tadr
mutation based on the ERG phenotype. The ERG phenotype was uncovered by two defi-
ciency chromosomes Df(2L)pr–A14 (missing a region from 37D2 to 39A4) and Df(2L)DS6
(missing 38F5 to 39E7), which located the mutation to the chromosome region 38F5–39A4.
We further generated three small chromosomal deletions using FRT–containing piggyBac
elements (Parks et al., 2004) and narrowed the mutant region to 39A1 (Fig. 2.3B). This re-
gion contains two predicted genes CG9264 and CG33511 and partially covers another two
genes. By sequencing the genomic DNA, we identified a missense mutation in the gene
CG9264, which changes the residue 532 Gly to Arg in the encoded product (Fig. 2.3B).
In quantitative RT–PCR analyses, the CG9264 mRNA level was greatly reduced in
fly heads of a glass mutant missing photoreceptor cells (Moses et al., 1989) (Fig. 2.11),
suggesting a high expression level of CG9264 in photoreceptors. To confirm that the
CG9264 mutation is responsible for the visual phenotypes, we generated a transgenic fly
(tadr;P[hs–CG9264]) that expresses a wild–type CG9264 cDNA in the tadr mutant back-
ground through a heat–shock promoter. According to both EM and TB staining assays,
overexpression of this cDNA by heat shocking the flies once a day from late pupal stage
virtually eliminated the rhabdomeral degeneration observed in 7–day–old tadr flies (Fig.
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2.3C). In addition, ERG responses after heat shock in these transgenic flies became almost
identical to wild type (Fig. 2.3D). Thus, CG9264 is indeed the mutant gene in the tadr fly,
and is subsequently referred to as tadr.
2.4.4 Rhodopsin mediates rhabdomeral degeneration in the tadr mutant
The tadr gene encodes a 634 amino acid protein that has 12 putative transmembrane
segments, with the eleventh disrupted by the Gly532 to Arg mutation in the mutant fly (Fig.
2.3B). The TADR protein does not contain any known protein domain or motif, except
that the amino acid sequence is moderately homologous to several potential cation amino
acid transporters (Verrey et al., 2004) including the human SLC7A4 (21% identical) and
SLC7A1 (19% identical).
As the protein structure of TADR did not provide enough clues to the understanding of
the tadr mutation–dependent rhabdomeral degeneration, we attempted to explain the de-
generation by looking for known rhabdomeral proteins that interact with TADR. We fused
the two largest cytosolic fragments of TADR separately to a glutathione–S–transferase
(GST) protein, immobilized them to glutathione–sepharose beads, and used the beads to
pull down proteins from fly head exacts. The result indicated that the intracellular loop IV
of TADR but not its C–terminal tail specifically pulled down Rh1, the rhodopsin protein
of peripheral rhabdomeres, from the head extracts (Fig. 2.4). Other examined visual pro-
teins including Gq, PLC, TRP and Arr2 failed to interact with either TADR fragment. In
control experiments, GST alone did not pull down any visual protein. These observations
may suggest that the TADR protein, either directly or indirectly, associates with Rh1 in the
photoreceptor.
Considering that loss of TADR–Rh1 interaction could cause an abnormal rhodopsin
signaling event disruptive to rhabdomere, we investigated whether rhabdomeral degenera-
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tion in the tadr mutant is stimulated by the activity of rhodopsin. We raised the mutant flies
in a completely dark condition to prevent light activation of rhodopsin, and examined the
rhabdomeres by TB staining at 7 days. Although some rhabdomeres still showed irregu-
lar shape and/or reduced size (Fig. 2.5A), the average size of peripheral rhabdomeres was
only slightly smaller than wild type and was much larger than in light–exposed mutant flies
(Fig. 2.5C). In addition, the light deprivation greatly reduced the speed of rhabdomere loss
in optical neutralization assays (Fig. 2.5D). Thus, degeneration of rhabdomere in the tadr
mutant is largely stimulated by light.
Like other G protein–coupled receptors, rhodopsin may have a low–level of sponta-
neous activity in the absence of light stimulation, as evident by quantum activation of the
phototransduction cascade in the dark (Elia et al., 2005). We suspected that the mild de-
generation of rhabdomere in dark–reared tadr flies might be stimulated by spontaneous
rhodopsin activities, and that removal of the rhodopsin protein could have a greater effect
on tadr phenotype rescue than light deprivation. To test this, we decreased the rhodopsin
protein level by introducing a hypomorphic allele of ninaE (ninaE5), the gene encoding
the Rh1 opsin, into the tadr mutant background. Although the ninaE single mutant itself
may undergo retinal degeneration at a much later stage (Leonard et al., 1992), the shape
and integrity of rhabdomere remained intact in 7–day–old flies (Fig. 2.5B,D), except that
the size of each peripheral rhabdomere appeared smaller than wild type (Fig. 2.5B,C). Ac-
cording to TB staining assays, the rhabdomeres in tadr;ninaE double mutant flies had the
same size and shape as in the ninaE single mutant at 7 days (Fig. 2.5B). The average sizes
of peripheral rhabdomere in both flies are significantly larger than that in the tadr single
mutant. Moreover, the double mutant flies did not show any significant rhabdomeral loss
in optical neutralization assays at least within 13 days after eclosion (Fig. 2.5D). Thus,
decrease of Rh1 level suppresses the tadr mutation–caused rhabdomeral degeneration. Al-
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together, these observations suggest that the tadr degeneration is mediated by the activity
of rhodopsin.
2.4.5 Arr2 is not required for the rhabdomeral degeneration in tadr fly
Activated Rh1 rhodopsin forms a stable complex with a visual arrestin Arr2 to trigger
apoptotic photoreceptor degeneration in several mutant flies (Alloway et al., 2000; Kiselev
et al., 2000). However, such an apoptotic mechanism may not underlie the rhabdomeral
degeneration in the tadr mutant. First, the blue light–generated Rh1–Arr2 complex in the
tadr fly dissembled upon exposure to orange light as in wild type (Fig. 2.6A), indicating the
lack of a stable complex in the mutant. Second, in both 1-day-old (Fig. 2.6B) and 10-day-
old ( Fig. 2.12) tadr flies, we failed to detect massive endocytosis of Rh1, which is required
for the Rh1–Arr2 complex to trigger retinal degeneration (Orem and Dolph, 2002).
To further investigate whether Arr2 is involved in the tadr rhabdomeral degeneration
at all, we examined the effect of tadr mutation in an arr2 null background. In regular,
cyclic illuminating conditions, although arr2 single mutant flies had reduced size of rhab-
domere and large intracellular vacuoles in the photoreceptor (Fig. 2.6C,D) due to necrotic
degeneration (Alloway et al., 2000), the rhabdomere shape was in general normal at 7 days
according to TB staining assays (Fig. 2.6C). In contrast, in tadr;arr2 double mutant flies
of the same age, many rhabdomeres either had irregular shape or completely disappeared
(Fig. 2.6C). The average size of peripheral rhabdomeres was much smaller than that of the
arr2 single mutant (Fig. 2.6D). Moreover, in optical neutralization assays, the number of
visible rhabdomeres in the double mutant decreased at a speed similar to that in the tadr
single mutant, which is much faster than in the arr2 mutant. (Fig. 2.6E). Thus, removal of
Arr2 does not suppress the tadr rhabdomeral degeneration, suggesting that Rh1 mediates
degeneration independent of Arr2 in the tadr mutant.
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2.4.6 The tadr rhabdomeral degeneration is not caused by overstimulation of the
phototransduction cascade
In the phototransduction cascade, rhodopsin stimulates Ca2+–permeable TRP channels
by the mediation of Gq and PLC. As excessive Ca2+ influx through TRP may cause necrotic
damage to the photoreceptor (Raghu et al., 2000b), it is possible that the tadr rhabdomeral
degeneration is due to prolonged or excessive stimulation of TRP channels by rhodopsin.
However, electrophysiological recordings of peripheral photoreceptor isolated from newly
eclosed flies do not support this hypothesis. First, in the dark, tadr mutant photoreceptors
had background inward currents as small as wild type (Fig. 2.7A) and a reversal potential
similar to wild type (–54.4±5.0 vs –51.8±4.5 mV). These observations indicate a lack of
TRP channel activity in the dark and thus cannot explain the moderate, light–independent
degeneration. Second, consistent with the ERG phenotype, the light response of tadr pho-
toreceptor had a smaller instead of a larger amplitude compared to wild type (Fig. 2.7B),
indicating a lower level of TRP stimulation by light.
A PLC mutation norpA prevents rhodopsin from stimulating TRP channels (Bloomquist
et al., 1988). To further test whether the tadr rhabdomeral degeneration depends on TRP
activity or any other PLC–mediated signaling event, we generated a norpA;tadr double
mutant. When norpA single mutant flies were raised in cyclic illumination conditions to 7
days old, the peripheral rhabdomeres were only slightly different from wild type in shape,
and were significantly larger than those in the tadr mutant (Fig. 2.7C,D). In contrast, the
rhabdomeres in the norpA;tadr double mutant diminished more severely than in the tadr
mutant (Fig. 2.7C,D). Additionally, the optical neutralization assay showed that the speed
of rhabdomere loss in the double mutant was similar to that of tadr mutant fly, and was
initially much faster than seen in the norpA single mutant (Fig. 2.7E). These observations
suggest that rhodopsin mediates rhabdomeral degeneration independent of PLC and TRP
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activities in the tadr mutant.
2.4.7 Abnormal Gq signaling may trigger rhabdomeral degeneration in the tadr mu-
tant
The small amplitude of light response suggests that a phototransduction step is im-
paired in tadr photoreceptors. If the abnormality at this step also leads to the rhabdomeral
degeneration, it should occur at the level of rhodopsin or Gq, because the degeneration is
independent of the downstream molecules PLC and TRP. To help to understand the degen-
eration mechanism, we examined whether the step of Gq activation is impaired in the tadr
photoreceptor. We prepared membrane samples from fly heads and measured blue light–
stimulated GTPγS binding of membrane. Surprisingly, the level of stimulated GTPγS
binding in the tadr membrane sample was even higher than in wild type (Fig. 2.8A).
To find out why light stimulated more GTPγS binding to the mutant membrane, we ex-
amined the effect of light stimulation on the level of membrane–associated Gαq molecules
in the tadr mutant. As an important light adaptation mechanism of the fly photoreceptor,
a large fraction of active Gαq molecules dissociates from membrane through depalmitoy-
lation and diffuse out of the rhabdomere in bright light conditions (Kosloff et al., 2003;
Cronin et al., 2004; Frechter et al., 2007). We found that, compared to wild type, a much
lower amount of Gαq protein in the tadr mutant dissociated from membrane during light
stimulation (Fig. 2.8B), which could partially explain the higher level of GTPγS binding to
the mutant membrane. As the higher density of active Gαq protein on the mutant membrane
leads to a weaker but not a stronger activity of TRP channel, the above observations might
suggest that Gαq molecules in the tadr mutant are suffering from a problem, such as a low
mobility on the membrane, which keeps them in the vicinities of rhodopsin molecules and
restrains them both from depalmitoylation and from stimulating PLC.
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Considering that prolonged possessing active Gαq molecules in a small membrane re-
gion could be harmful to the membrane structure, we examined the effect of decreasing
Gαq level on the tadr rhabdomeral degeneration. A hypomorphic mutation (Gαq1) of the
Gαq gene reduces Gαq to an undetectable level (Scott et al., 1995) without causing obvious
morphological change in rhabdomeres of 7–day–old flies (Fig. 2.8C). According to TB
staining assays, the tadr mutation failed to induce significant rhabdomeral degeneration
in this Gαq1 mutant background at the age of 7 days (Fig. 2.8C,D). Moreover, in opti-
cal neutralization assays, the tadr–dependent rhabdomere loss was greatly inhibited in the
tadr;Gαq double mutant (Fig. 2.8E). Thus, an abnormal Gαq signaling event may mediate
the rhodopsin–dependent rhabdomeral degeneration in the tadr mutant.
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2.5 Discussion
We have identified TADR as a potential Rh1–interacting protein that is essential for
the protection of fly photoreceptor from degeneration. In the tadr mutant fly, rhabdomeres
undergo rhodopsin activity–dependent degeneration, which is mediated by Gq through a
pathway different from the phototransduction cascade.
TADR is homologous to human membrane proteins SLC7A4 and SLC7A1, which be-
long to the family of cation amino acid transporters (Verrey et al., 2004). Nonetheless,
not all members of this family function as amino acid transporters. For example, SLC7A4
could not transport any amino acid into the cell after being expressed on the membrane of
Xenopus oocytes (Wolf et al., 2002). These TADR/SLC7A proteins may have functions in
addition to amino acid transport. In the tadr mutant, the rhabdomeral degeneration is not
likely due to a shortage of amino acid supply in the photoreceptor. First, we did not detect
a general problem in the synthesis of visual signaling proteins in western blot assays (L.
Ni and H.–S. Li, unpublished observations). Second, if the rhabdomeral degeneration were
due to the lack of particular amino acids, it should not be suppressed specifically by reduc-
ing the level of rhodopsin and Gq. It is more likely that loss of a different TADR function
has caused the degeneration.
Our biochemical data indicates that TADR may interact, either directly or indirectly,
with the Rh1 rhodopsin through the intracellular loop IV. In the tadr mutant, the G532R
mutation disrupts the 11th transmembrane domain, resulting in an extended loop V that
could block the Rh1–interacting site in the neighboring loop IV. As the TADR–Rh1 in-
teraction may regulate Rh1–triggered signaling, loss of this interaction could lead to the
Rh1–dependent rhabdomeral degeneration seen in the tadr mutant.
Abnormal signaling activities of rhodopsin may cause retinal degeneration through both
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apoptotic and necrotic pathways in the fly eye. In several mutant flies, including rdgC and
norpA, activated Rh1 rhodopsin forms a stable complex with Arr2 to trigger apoptotic pho-
toreceptor degeneration (Alloway et al., 2000; Kiselev et al., 2000). This apoptotic pathway
does not underlie the rhabdomeral degeneration in the tadr mutant, because the degener-
ation depends on the Gq protein instead of Arr2. By the mediation of the PLC NorpA,
Gq could stimulate excessive Ca2+ influx through TRP channels, which leads to necrotic
degeneration of photoreceptor (Dolph et al., 1993). Nonetheless, this Ca2+–dependent
necrosis is not responsible for the tadr rhabdomeral degeneration: first, the degeneration
is independent of NorpA; second, the TRP activity is even lower in the tadr mutant. A
different mechanism is likely underlying this Gq–dependent degeneration.
Gq also mediates PLC/TRP–independent photoreceptor degeneration in a dominant ni-
naE mutant (Iakhine et al., 2004), although the mechanism remains unknown. After light
stimulation, many more Gαq molecules in the tadr mutant are retained on the membrane
compared to wild type. The lower level of phototransduction might suggest that most of the
active Gαq molecules on membrane have failed to stimulate PLC in the mutant. We hypoth-
esize that those extra Gαq molecules may instead have recruited an alternative effector to the
membrane, which leads to the rhabdomeral degeneration. In addition to PLC, the Gq fam-
ily proteins stimulate several other enzymes including an ADP–ribosylation factor ARF6
(Gigue`re et al., 2006) and a Rho guanine nucleotide exchange factor p63RhoGEF (Lutz
et al., 2005; Lutz et al., 2007; Rojas et al., 2007). Both ARF6 and Rho are monomeric GT-
Pases that may change morphology of membrane structures by modulating the underneath
actin cytoskeleton (D’Souza-Schorey and Chavrier, 2006; Linseman and Loucks, 2008).
More importantly, Rho GTPases have been found to mediate both apoptotic and necrotic
pathways of neuronal death (Linseman and Loucks, 2008). In the future it would be inter-
esting to investigate whether any fly ARF or Rho GTPase signals downstream of Gq in the
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tadr rhabdomeral degeneration.
Another question remains to be addressed is exactly how the TADR protein helps to
prevent the abnormal Gq protein signaling observed in the mutant. We propose that TADR
may facilitate the dissociation of Gq protein from rhodopsin during light stimulation. In
wild-type flies, TADR may form a complex with rhodopsin and the heterotrimeric Gq pro-
tein in dark condition. Upon light exposure, rhodopsin is conformationally changed, which
not only activates Gq protein but also may activate TADR so that TADR could facilitate the
dissociation of Gq protein from rhodopsin. The activated, rhodopsin-free Gq protein in turn
activates PLC, which is required for the opening of TRP and TRPL channels. In the tadr
mutant, however, the interaction between rhodopsin and TADR may be disrupted and thus
activated Gq protein could not be efficiently dissociated from rhodopsin to stimulate PLC.
Thereby light stimulates a higher level of GTPγS binding to membrane but still causes a
lower degree of photoreceptor depolarization in the tadr mutant.
The mammalian visual G protein transducin also mediates degeneration of the rod
photoreceptor cell. In mouse mutants that have prolonged rhodopsin activities, rod pho-
toreceptors undergo transducin–dependent apoptosis upon exposure to low–intensity light
(Hao et al., 2002). Thus, visual G proteins may play a pivotal role in the degeneration of
photoreceptor.
We propose that some mammalian TADR–like proteins could control the activities of
rhodopsin/transducin and help to prevent degeneration of rod and cone photoreceptors.
Although it has not been reported that a SLC7A protein exists in the mammalian eye,
several transporter proteins that contain twelve transmembrane domains like TADR are
highly expressed in the mouse retina (Blackshaw et al., 2001). One such protein, a taurine
transporter, has been demonstrated to be essential for retinal protection using a knockout
mouse (Heller-Stilb et al., 2002; Rascher et al., 2004). It would be interesting to examine
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whether any of these mammalian retinal transporter proteins interact with rhodopsin and/or
regulate the signaling of transducin. To identify additional affected genes in human RP,
those encoding multiple–transmembrane–domain proteins in the super family of “amino
acid transporter” should be evaluated as candidates of a high priority.
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Figure 2.1
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Figure 2.1. Impaired rhabdomere structure in tadr mutant flies.
A, A severe loss of peripheral rhabdomeres in 2–week–old tadr flies was observed in
the optical neutralization assay.
B, EM analyses revealed that 2–week–old tadr flies contained detached and broken
microvilli in peripheral rhabdomeres. Each picture shows a single ommatidium. Scale
bars: 2µm.
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Figure 2.2
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Figure 2.2. The rhabdomeral defect in the tadr mutant is caused by degeneration.
A, EM pictures for the comparison of rhabdomere structure between 1- and 7-day-old
tadr flies. A wild–type picture is shown on the right. Scale bars: 1µm.
B, TB staining of eye cross-sections revealed that 1–day–old tadr flies contained larger
peripheral rhabdomeres than 7–day–old flies. Note the irregular shapes of some rhab-
domeres in the 7–day mutant flies.
C, Quantification of the peripheral rhabdomere size based on the TB staining. The
relative size represents the average ratio of the area occupied by all peripheral rhabdomeres
to the total ommatidium area. Each ratio was calculated based on 6 ommatidia in a single
eye section. Data from three experiments were averaged. SEMs are shown as error bars.
The asterisk (*) indicates a significant difference.
D, In optical neutralization assays, the number of visible rhabdomeres decreased grad-
ually during the aging of tadr flies. The mean number of rhabdomeres (rhabd.) per omma-
tidium (ommat.) was calculated based on 30 ommatidia of 5 flies for each genotype and
age. Error bars represent SEMs.
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Figure 2.3
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Figure 2.3. Identification of the tadr mutant gene.
A, ERG recordings revealed a small light response phenotype in the tadr mutant. Sam-
ple traces of ERG response in 7–day–old flies are shown on the left. The event markers
underneath represent 5s orange light pulses. The right panel shows the amplitudes of ERG
response at different ages. The asterisk (*) indicates significant differences from the wild-
type controls.
B, The tadr mutation was mapped to the gene CG9264. Three chromosomal regions
(top) between the shown piggyBac insertion sites were deleted separately using a flipase.
Deletion of the right two regions, not the left one, uncovered the tadr ERG phenotype in
complementation tests. A missense mutation was identified in the gene CG9264, which
encodes a 12–transmembrane–domain protein (bottom).
C, After being expressed through a heat–shock promoter, a wild–type CG9264 cDNA
prevented rhabdomeral degeneration in 7–day–old tadr;P[hs–CG9264] transgenic flies.
TB staining and EM (inset) results were shown on the left. The relative sizes of peripheral
rhabdomeres were calculated based on the TB staining and shown in the right panel. The
asterisk (*) indicates significant differences from the wild-type controls.
D, The tadr ERG phenotype was also rescued by overexpression of the CG9264 cDNA.
The sample ERG traces on the left are from heat–shocked flies. All recorded flies had a
cn background. The asterisk (*) indicates significant differences from the no heat-shocked
tadr;P[hs-CG9264] flies.
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Figure 2.4
51
Figure 2.4. Rh1 interacts with TADR protein in vitro.
A GST–fused intracellular loop IV of TADR specifically pulled down Rh1 rhodopsin
from fly head extracts in a glutathione-sepharose binding assay. The tail of TADR did not
bind to any visual protein. Lane one was loaded with 1/15 of extract input. The coomassie-
staining gel on the lower right shows the protein levels of GST and the GST–fusion proteins
in the reaction mixtures.
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Figure 2.5
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Figure 2.5. The tadr rhabdomeral degeneration depends on the rhodopsin activity.
A, Dark–reared tadr flies only showed a subtle rhabdomeral degeneration. Both the
wild type and the mutant were dark–reared and 7 days of age.
B, Decreasing Rh1 rhodopsin level by a hypomorphic ninaE mutation prevented tadr
mutation–caused rhabdomeral degeneration.
C, Relative sizes of peripheral rhabdomeres in different flies and light conditions. D:
dark reared; L: raised in a normal light/dark cycle. The asterisk (*) indicates significant
differences between the paired samples.
D, Optical neutralization assays showed that both light deprivation and reduction of
Rh1 level prevent the severe rhabdomere loss caused by tadr mutation.
54
Figure 2.6
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Figure 2.6. The Rh1–Arr2 complex is not involved in the tadr rhabdomeral degenera-
tion.
A, Blue light–triggered binding between Arr2 and Rh1 was reversed by subsequent
exposure to orange light in both wild-type and tadr mutant flies, but not in norpA mutant
flies. All fly heads were collected in the dark. One group was exposed to blue light (B) and
the other group was exposed to blue and then orange light (BO), before the homogenization.
Supernatant (S) and membrane pellet (P) fractions were subjected to Western blot. The
percentages of Arr2 bound to Rh1–containing membranes were quantified using a NIH
ImageJ software. The averaged data of four independent experiments is shown in the right
panel. The asterisk (*) indicates significant differences from the wild-type controls.
B, Immunostainings showed that the majority of Rh1 protein in 1–day–old tadr flies
was localized in the peripheral rhabdomeres (the six large spots of each ommatidium). The
number of small Rh1 endocytic particles in the cell–body areas was as low as in wild type.
C, Micrographs of TB staining showing more severe rhabdomeral degeneration in the
tadr;arr2 fly than in the arr2 single mutant at 7 days.
D, Relative sizes of peripheral rhabdomeres measured in TB staining assays. The as-
terisk (*) indicates significant differences between the paired samples.
E, In optical neutralization assays, loss of visible rhabdomeres in the tadr;arr2 fly was
as rapid as in the tadr single mutant.
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Figure 2.7
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Figure 2.7. The tadr rhabdomeral degeneration is not caused by overstimulation of the
phototransduction cascade.
A, In whole–cell current recordings, tadr mutant photoreceptors displayed normal back-
ground currents at different voltage levels in the dark. Data from three experiments were
averaged.
B, A 10 ms light flash stimulated a smaller inward current in tadr mutant photoreceptors
compared to that in wild type. The cells were clamped at –70mV in whole–cell configu-
ration. The averaged amplitudes are shown on the lower right. The asterisk (*) indicates
significant differences from the wild-type controls.
C, According to TB staining, loss of the PLC NorpA did not inhibit rhabdomeral de-
generation in 7–day–old norpA;tadr flies.
D, Relative sizes of peripheral rhabdomeres measured in TB staining assays. The as-
terisk (*) indicates significant differences between the paired samples.
E, In optical neutralization assays, the initial speed of rhabdomere loss in the norpA;tadr
fly was the same as that in tadr mutant, and was much faster than in the norpA single mu-
tant.
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Figure 2.8
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Figure 2.8. An abnormal Gq signaling mediates the tadr rhabdomeral degeneration.
A, The light–stimulated GTPγS binding (see Materials and Methods for the measure-
ment) in the tadr mutant membrane sample was much higher than in wild type. Shown are
the relative levels of GTPγS binding with the wild type set as 100%. Data from three exper-
iments were averaged. The asterisk (*) indicates significant differences from the wild-type
controls.
B, Blue–light treatment did not efficiently dissociate Gαq from membrane in the tadr
mutant. Heads were collected from dark–reared flies either directly (D) or after 1 h ex-
posure to blue light (B). After homogenization, supernatant (S) and membrane pellet (P)
fractions were subjected to Western blot. The percentages of Gαq in the membrane pellet
were quantified using NIH ImageJ software. The averaged data of four independent exper-
iments is shown in the right panel. The asterisk (*) indicates significant differences from
the wild-type controls.
C, Reduction of Gαq level suppressed rhabdomeral degeneration in a tadr,Gαq double
mutant at 7 days. The Gαq allele is Gαq1.
D, Relative sizes of peripheral rhabdomeres measured in TB staining assays. The as-
terisk (*) indicates significant differences between the paired samples.
E, In optical neutralization assays, the number of visible rhabdomeres in tadr,Gαq flies
decreased much more slowly than in the tadr single mutant.
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Figure 2.9
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Figure 2.9. In optical neutralization assays, the number of visible rhabdomeres de-
creases gradually during the aging of tadr mutant flies.
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Figure 2.10
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Figure 2.10. In ERG recordings, blue light induces prolonged depolarization afterpo-
tential (PDA) in 7–day–old tadr mutant. Both orange (o) and blue (b) light pulses are 4
seconds. As PDA is triggered through excessive Rh1 activities specifically in peripheral
photoreceptors (Dolph et al., 1993), this data indicates that the peripheral photoreceptors
in the examined flies are light responsive.
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Figure 2.11. Real–time RT–PCR data show that tadr (CG9264) is highly expressed in
the photoreceptors. The mutant glass2 (gl) contains no photoreceptor. Total RNAs were
extracted from 2–day–old fly heads using Trizol reagent (Invitrogen). Real–time RT–PCR
was conducted with an ABI PRISM7700 and a SuperScript III Platinum One–Step kit (In-
vitrogen). The relative mRNA level was calculated by setting the wild–type CG9264 level
as 100%. A Rpl32 gene was used as an internal control. Primers for rpl32: GCAAGT-
GTGCGGCTCGTATT/ TGGTGGCGGATGAAGTGCTT (216bp); primers for CG9264:
ATGGGGTCAGCGTCGGGATC/CCGACTGTCATCTGTGCTCG (131bp).
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Figure 2.12
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Figure 2.12. Immunostaining of eye sections from 10–day–old flies fails to reveal ex-
cessive endocytosis of Rh1 in tadr mutant photoreceptors. Rh1 protein was localized al-
most exclusively in the rhabdomere in both wild-type and mutant flies. Flies were raised in
a normal 12 hr light /12 hr dark cycle.
CHAPTER III: A CUB– AND LDLA–DOMAIN
PROTEIN ANTAGONIZES RHODOPSIN
ENDOCYTOSIS TO MAINTAIN DROSOPHILA VISUAL
SENSITIVITY
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3.1 Abstract
The high sensitivity of the photoreceptor neuron to light is critical for animal vision
in dim light conditions. A primary determinant of photoreceptor sensitivity is the den-
sity of rhodopsin, a light-stimulated G protein-coupled receptor (GPCR), in photoreceptive
membrane. In the case of non-visual GPCRs, continuous receptor activation will trig-
ger arrestin-mediated endocytosis to decrease receptor densities in the membrane, which
is an important process for many cells to adapt to environmental changes. It is puzzling
how photoreceptors can maintain the membrane density of rhodopsin and their continuous
sensitivities during light stimulations, although visual arrestin-mediated endocytosis does
occur. Here we report that a Drosophila CUB- and LDLa-domain transmembrane protein
CULD counteracts arrestin-mediated endocytosis to retain rhodopsin in the membrane of
the rhabdomere, the light sensory organelle of the Drosophila photoreceptor. CULD is
mostly localized in the rhabdomere but is also detected in scarce rhodopsin endocytic vesi-
cles that contain an arrestin Arr1. An intracellular region of CULD interacts with Arr1
in vitro. In both culd mutant and knockdown flies, a large amount of rhodopsin is mis-
localized in the cell body of photoreceptors through light-dependent, Arr1-mediated en-
docytosis, leading to reduction of photoreceptor sensitivity. Expressing a wild-type CULD
protein in photoreceptors, but not a mutant variant lacking the Arr1-interacting site, rescues
both the rhodopsin mislocalization and the low sensitivity phenotypes. Once rhodopsin has
been internalized in adult mutant flies, it is reversed only by expression of CULD but not
by blocking the endocytosis, suggesting that CULD promotes recycling of endocytosed
rhodopsin to the rhabdomere. Our results demonstrate an important role of CULD in the
maintenance of membrane rhodopsin density and photoreceptor sensitivity. We propose
that a common cellular function of CUB- and LDLa-domain proteins, in both mammals
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and invertebrates, is to concentrate receptors including GPCRs in particular regions of cell
membrane.
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3.2 Introduction
High visual sensitivity is a common but important characteristic of animal eyes. It is es-
pecially critical for nighttime vision. In animal eyes, photoreceptors are the first to receive
the incoming rays of light. To function in dim light, photoreceptors have developed utmost
sensitivities. It is reported that mammalian rod photoreceptors are capable of detecting
single photons (Rieke and Baylor, 1996; Squire et al., 2003).
The high sensitivities of photoreceptors largely depend on a high content of rhodopsin,
the light receptor, in the photosensory membrane. In addition to the tightly packed mem-
brane structure of the light sensory organelle, which extensively increases the sensory
membrane area to accommodate a great amount of rhodopsin molecules (Squire et al.,
2003; Hardie and Raghu, 2001), the high density of rhodopsin molecules in the photo-
sensory membrane is also critical for the photoreceptor to achieve the utmost sensitiv-
ity. It is estimated that rhodopsin molecules occupy about 50% of the membrane surface
(Palczewski, 2006).
Rhodopsin is a G protein-coupled receptor (GPCR) and depends on arrestins for de-
activation (Alberts et al., 2002; Montell, 1999). In the case of non-visual GPCRs, ar-
restins not only deactivate the receptors, but also mediate endocytosis of active recep-
tors, thereby causing a reduction of receptor densities on the membrane surface (Claing
et al., 2002; Hanyaloglu and von Zastrow, 2008). Thus, to maintain continued high sensi-
tivities, photoreceptors may have developed a mechanism to prevent arrestin-mediated en-
docytosis from decreasing the membrane rhodopsin density during light stimulation. The
molecules that antagonize rhodopsin endocytosis to maintain the photoreceptor sensitivity
have yet to be identified.
The Drosophila eye is a model system for genetic studies of visual function and GPCR
72
signaling and regulation. This compound eye is composed of 700-800 units named omma-
tidia, and each ommatidium has 6 peripheral and 2 central photoreceptors (Montell, 1999).
The light sensory organelles in all these photoreceptors are tightly packed microvillar
structures named rhabdomeres, each of which contains more than 100 million rhodopsin
molecules (Zuker, 1996). This extremely high content of rhodopsin in the rhabdomere
plays a key role for the Drosophila photoreceptor to achieve the utmost sensitivity.
The rhodopsin in all 6 peripheral photoreceptors is Rh1. Like most non-visual GPCRs,
active Rh1 can be endocytosed through dynamin-dependent pathways (Alloway et al.,
2000; Kiselev et al., 2000; Satoh and Ready, 2005; Han et al., 2007). In wild-type flies,
a visual arrestin, Arr1, mediates light- and dynamin-dependent Rh1 endocytosis, at least
at the pupal stage (Satoh and Ready, 2005). Nonetheless, the level of endocytosed Rh1 is
very low in adult flies, which does not significantly decrease the photoreceptor sensitivity
(Han et al., 2007). The regulatory mechanism of Arr1-mediated endocytosis and the fate
of the endocytosed Rh1 molecules have remained unknown.
Here we report that a CUB and LDLa-domain transmembrane protein (CULD) coun-
teracts Arr1-mediated endocytosis to localize Rh1 in rhabdomeres, and thereby to maintain
high sensitivities of Drosophila photoreceptors. CULD binds Arr1 in vitro, which is im-
portant for the CULD function. We further show that CULD maintains Rh1 rhabdomeral
localization at least partially through recycling the endocytosed Rh1 molecules back to
rhabdomeres. Our data suggest that CULD and its similar proteins may be a new group of
membrane proteins that bind arrestins and maintain the membrane densities of rhodopsin
and other GPCRs.
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3.3 Materials and Methods
Flies genetics and light treatments
All examined flies except the UAS–Shits;ey–gal4;culd, Act5-gal4;UAS-culdRNAi and
Act5-gal4;UAS-culdRNAi,arr2 have a cn,bw background for the elimination of compound
eye screening pigments. The genotype of the wild type is cn,bw. The mutant alleles
used in this work are arr11, arr25, Gαq1. The culd mutant (PBac{RB}CG17352e01982),
Df(3L)66C–G28, Act5-gal4 and tub-gal4 were obtained from the Bloomington Drosophila
stock center. The UAS-culdRNAi line was from the Vienna Drosophila RNAi Center (VDRC).
Flies were reared at 21◦C in approximately 12h light (∼700lux)/12h dark cycles unless
mentioned otherwise in the text. For dark rearing, the flies were put in complete darkness
from the prepupal stages.
The CG17352 EST clone GH01676 was obtained from the Drosophila Genomics Re-
source Center. After subcloning the CG17352 cDNA into a pCaSpeR–trp (Han et al., 2006)
or a pCaSpeR–hs vector, the plasmids were injected into w1118 flies to generate P[trp–
CULD] and P[hs–CULD]. For generation of the P[trp–CULD*] transgenic fly, the point
mutations (S729A, S731A, S733A, T735A) were created in the EST clone through PCR muta-
genesis before it was injected into the pCaSpeR–trp vector. To express the protein through
a heat–shock promoter, fly vials were immersed in a 37◦C water bath for 1 hour, 4 times a
day.
Electrophysiological recordings
Electroretinograms (ERGs) were examined as previously described (Ni et al., 2008). In
brief, flies were immobilized with thin stripes of lab tape. Two glass microelectrodes filled
with Ringer’s solution were separately put on the eye surface and the thorax (as reference).
The signal was amplified and recorded using a Warner IE210 Intracellular Electrometer.
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Intracellular recordings were performed as previously described (Han et al., 2007) with
minor modifications. After the fly was immobilized with lab tapes, a small opening was
made on surface of the eye using fine tweezers. A thin glass microelectrode with resistance
>30MΩ (filled with 2M KCl) was gradually inserted into the opening until light-induced
depolarization of membrane potential was observed. The reference electrode, filled with
Ringer’s solution, was put on the surface of the same eye.
In both ERG and intracellular recordings, orange light of different intensities (through
passing a series of neutral density filters, each has 20% transmission for orange light) was
used to stimulate responses. After dark adaption for 3 minutes, the fly eye was stimulated
with a series of 2-second light pulses of increasing intensities.
The relative light sensitivity is defined as IWT/IM, where IWT represents the mean light
intensity required to stimulate a visible response in wild–type flies, and IM is the lowest
light intensity that is necessary for stimulation of a response in the examined mutant fly.
For each genotype and condition, ≥6 flies were examined and the relative sensitivities
were averaged to obtain a mean. The standard errors of means (s.e.m.) were calculated and
presented as error bars in figures.
Electron Microscopy (EM)
Fly heads were bisected and fixed in a solution of 2.5% glutaraldehyde in 0.05M sodium
cacodylate buffer (pH7.4). After three times of wash, fly heads were post–fixed with 1%
osmium tetroxide for 1 hour, dehydrated in ethanol, infiltrated with propylene oxide, and
embedded in Spurr’s resin. Thin sections of eyes were cut, stained with lead citrate and
uranyl acetate, and examined using a transmission electron microscope.
To localize Rh1 in photoreceptors at the EM level, fly heads were fixed and embedded
in LR White as described (Han et al., 2007). Thin sections of eye were cut and immunos-
tained with a monoclonal Rh1 antibody and anti-mouse IgGs conjugated with 15-nm gold
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particles. After staining with 1% aqueous uranyl acetate, the sections were examined under
the transmission electron microscope.
Antibodies
The CULD antibodies were raised in rabbits against a GST–fused intracellular frag-
ment (aa 551–738). The Arr1 antibodies were raised against a C–terminal fragment (aa
226–319). The Arr2 antibody was as described (Han et al., 2006). The sources of other
antibodies were DSHB (Rh1), Sigma–Aldrich (Gq) and C. Montell (TRP).
Immunostaining
For immunofluorescence staining of Rh1 and TRP, fly heads were fixed with 4% parafor-
maldehyde in PBS, dehydrated with acetone and embedded in LR White resin as described
(Porter and Montell, 1993). 1-µm sections were cut and stained with primary antibodies
and then FITC– or TRITC–conjugated secondary antibodies.
For the staining of CULD, before the dehydration, fly eyes were pre–stained with anti–
CULD antibody overnight. This helped to preserve the antigen during the heating process
of embedding.
The percentages of Rh1 mislocalization were calculated by the ratio of SIC to SIO,
where SIC represents the signal amount in cell body and SIO represents the signal amount
in the entire ommatidium. The amount of Rh1 signal was measured with NIH ImageJ
software. At least four sets of data were averaged for each genotype and/or light treatment.
Glutathione–sepharose binding assay and amylose resin binding assay
For glutathione–sepharose binding, cDNA fragment encoding the intracellular frag-
ment aa 551-738 was amplified through PCR and inserted into a pGEX–5X vector to ex-
press GST–fused protein (GST–C) in bacteria. The fusion protein was immobilized on
glutathione–sepharose beads (Amersham). For amylose resin binding, cDNA fragments
encoding a series of intracellular fragments were amplified through PCR and inserted into
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a pMAL–c2 vector to express MBP–fused proteins in bacteria. The fusion proteins were
immobilized on amylose resin (NEB). The proteins on beads/resin were incubated with
wild–type fly head extracts in PBS that contains 0.5% Triton X–100 and protease inhibitors
(Roche). After three washes with the incubation solution, the bound protein was eluted and
subjected to SDS–PAGE and Western blot.
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3.4 Results
3.4.1 Photoreceptor sensitivity is reduced in the culd mutant
A previous microarray analysis identified 128 genes with high expression levels in the
Drosophila eye (Xu et al., 2004). From the Bloomington Drosophila Stock Center, we ob-
tained 41 P element-insertion flies that are potential mutants of those eye-expressed genes,
and examined their responses to light through electroretinogram (ERG) recordings. In one
P-insertion fly, stimulation of a visible ERG response required a much higher light intensity
compared to that for wild type (Fig 3.1A), at least at an age older than 4 days. In addition,
the response of this mutant terminated slow in most 4-day-old flies. As the P element in
this mutant is inserted in the 3rd intron of the gene CG17352, which encodes a membrane
protein containing a CUB and an LDLa domain in the extracellular part, we named the
mutant culd.
Based on the ERG data, we calculated the relative light sensitivities of 4-day-old flies,
as described in the Methods. The result showed that the light sensitivity of the culd mutant
was approximately 100-fold lower than that of wild type (Fig 3.1B). As ERG records the
summed potential change caused by electrical activities of both photoreceptors and sec-
ondary neurons (Montell, 1999; Pak and Leung, 2003), to investigate whether the lower
sensitivity of ERG response in the culd mutant is due to a defect in the photoreceptor, we
further recorded intracellular responses of single photoreceptors to light. We examined the
light sensitivities of photoreceptors in 4-day-old flies, and found the sensitivity of the culd
photoreceptor was also reduced by about 100 folds compared to that of wild type (Fig 3.1C
and D).
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3.4.2 Rh1 rhodopsin is mislocalized to the cell body of the culd photoreceptor due to
Arr1-dependent endocytosis
To find out why the photoreceptor sensitivity is reduced in the culd mutant, we exam-
ined the rhabdomere structure and the levels of visual signaling components. Given that
degeneration of rhabdomeres always leads to reduction of visual sensitivity, we first inves-
tigated the morphology of rhabdomeres in the mutant by electron microscopy (EM). The
EM pictures did not reveal any obvious difference in the rhabdomere between wild type
and the mutant (Fig 3.2A). Next, using Western blot we examined the protein levels of
known visual signaling molecules, including Rh1, Gq, PLC and TRP, in the mutant, and
found they were all comparable to wild type (Fig 3.2B). However, in immunostaining ex-
periments we detected an abnormality in the subcellular distribution of Rh1, the rhodopsin
of all peripheral photoreceptors.
In cross eye sections of the culd mutant, the light-stimulated channel TRP was localized
normally in rhabdomeres (Fig 3.2C). In contrast, about 30% of Rh1 was internalized to the
cell body of the mutant photoreceptor at the age of 2 days (Fig 3.2C, D and E). When the fly
became 4 days old, the proportion of mislocalized Rh1 increased to about 60% (Fig 3.2D
and E). By immunogold labeling of Rh1 at the EM level, we found that the mislocalized
Rh1 appeared to reside in a great amount of tiny vesicles that form multivesicular body-like
structures in the culd photoreceptor (Fig 3.2F).
Interestingly, in dark-reared culd flies that had never been exposed to light from the
early pupal stage, Rh1 was localized normally in peripheral rhabdomeres (Fig 3.3A and
E). This may suggest that the Rh1 mislocalization occurs through activity-dependent en-
docytosis. As most GPCRs including Rh1 are endocytosed in dynamin-dependent man-
ners (Ferguson, 2001), we introduced a temperature-sensitive, dominant-negative form of
the Drosophila dynamin Shibire, Shits, into the culd mutant to test its effect on the Rh1
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mislocalization. The result showed that suppression of Shibire function at a restrictive
temperature (31◦C) virtually abolished the Rh1 mislocalization (Fig 3.3B). Together, these
observations suggest that Rh1 is internalized through activity- and dynamin-dependent en-
docytosis.
Three rhodopsin-interacting molecules, Gq and two visual arrestins Arr1 and Arr2, are
known to mediate activity- and dynamin-dependent Rh1 endocytosis (Alloway et al., 2000;
Kiselev et al., 2000; Satoh and Ready, 2005; Han et al., 2007). To find out which pathway
leads to the Rh1 mislocalization in the culd mutant, we separately introduced Gαq1 and
arr11, the hypomorphic mutations of the Gαq subunit and the Arr1 genes, respectively, into
the culd mutant, and found that arr11, but not Gαq1, greatly inhibited the mislocalization
of Rh1 in the culd mutant background (Fig 3.3C, D and E).
As the arr2 gene is close to the culd gene on the chromosome, it is very difficult to
introduce an Arr2 mutation into the culd mutant background through chromosomal recom-
bination. Thus we used a different strategy to test the role of Arr2 in the Rh1 mislocaliza-
tion phenotype in the culd mutant. We knocked down the CULD expression level using
a culdRNAi line from the VDRC stock center, and found that the knockdown of CULD
expression caused an even higher level of Rh1 mislocalization in an arr2 null mutant back-
ground compared to that in a wild-type background (Fig 3.8). This difference could be due
to more Arr1 molecules binding to Rh1 in the absence of competition from Arr2. These
data suggested that the mislocalized Rh1 in the culd mutant photoreceptor is endocytosed
through Arr1 but not Arr2 or Gq.
3.4.3 The mislocalization of Rh1 causes the sensitivity reduction in the culd mutant
As the overall level of Rh1 in the culd mutant was the same as that in wild type (Fig
3.2B), the mislocalization of Rh1 should result in a decrease of Rh1 concentration in the
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rhabdomere, thereby causing the reduction of light sensitivity in the culd photoreceptor.
This hypothesis is strongly supported by the following observations. First, the Rh1 mis-
localization and the sensitivity reduction (Fig 3.2E and Fig 3.1B, respectively) in the culd
mutant were temporally correlated with each other. Second, the light sensitivity of dark-
reared culd flies, in which Rh1 is localized normally in rhabdomeres, was the same as
that of wild type (Fig 3.4A). Third, the light sensitivity was significantly increased in the
culd background by blocking dynamin-dependent endocytosis (Fig 3.4B). Finally, in the
arr1;culd double mutant that has virtually normal Rh1 localization, the light sensitivity
was the same as that in the arr1 single mutant (Fig 3.4C).
3.4.4 Loss of CULD is responsible for the culd mutant phenotypes
Given that the P element in the culd mutant is inserted within the gene and that the RNAi
knockdown of culd gene phenocopies the culd mutant (Fig 3.8 and Fig 3.9), it is very likely
that the mutant phenotypes are due to loss of CULD protein. To confirm this, firstly, we
generated a polyclonal antibody against an intracellular fragment of CULD, aa 551-738
(Fig 3.5A), to demonstrate the loss of CULD in the mutant. The antibody revealed strong
CULD signals in rhabdomeres of wild-type flies in immunostaining assays (Fig 3.5B).
In contrast, no CULD signal was detected in eye sections of the culd mutant. Secondly,
we generated a heterozygous fly with the culd mutation over a deficiency chromosome
(Df(3L)66C-G28) that lacks the culd gene. This fly displayed the same phenotypes as the
culd homozygous fly (Fig 3.5C, F and G). Thirdly, we excised the P element out of the
mutant and found that both the Rh1 localization and the light sensitivity were restored to
wild type (Fig 3.5D, F and G). Most importantly, expression of a wild-type culd cDNA
specifically in the photoreceptor, through a trp promoter, rescued both the Rh1 localization
and the sensitivity phenotypes of the culd mutant (Fig 3.5E, F and G). Thus, loss of CULD
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is indeed responsible for the culd mutant phenotypes.
3.4.5 CULD interacts with Arr1 to localize Rh1 in the rhabdomere
CULD is a single transmembrane protein consisting of 965 amino acid residues. It
has an N-terminal signal peptide, a CUB domain and an LDLa domain in the extracel-
lular region, but has no conserved domain in the intracellular part (Fig 3.5A). How does
this protein counteract Arr1-mediated endocytosis to localize Rh1 in the rhabdomere? To
address this, we tested whether an intracellular fragment of CULD interacts with Rh1 or
Rh1-associated molecules. We fused the CULD fragment aa 551-738 to a glutathione-
S-transferase (GST) protein, immobilized it to glutathione-sepharose beads, and used the
beads to pull down proteins from head extracts of wild-type flies. The result indicated that
the CULD fragment specifically pulled down Arr1, but not Rh1, Arr2 or Gq(Fig 3.6A).
Since the CULD antibody did not appear to work for immunoprecipitation, we could not
use co-immunoprecipitation assays to confirm the CULD-Arr1 interaction in vivo. Thus,
we decided to directly test the functional significance of the interaction using transgenic
flies. For this purpose, we further mapped the Arr1-interacting site of CULD protein with
smaller CULD fragments that are fused to a maltose binding protein (MBP). In amylose
resin binding assays, a small fragment, aa 717-738, pulled down Arr1(Fig 3.6B). We cre-
ated four point mutations in this region, S729A, S731A, S733A and T735A, and found they
together abolished the interaction between CULD and Arr1 (Fig 3.6B).
Next we generated a transgenic fly P[trp-CULD*] that expresses a mutant CULD pro-
tein containing those four mutations. In the culd mutant background, expression of this
mutant CULD did not fully suppress the Rh1 mislocalization phenotype (Fig 3.6C). In
contrast, when a wild-type CULD protein was expressed in the mutant background, the
Rh1 localization was not significantly different from wild-type flies. Thus, the interaction
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with Arr1 is important for the CULD function in vivo.
3.4.6 CULD promotes Rh1 recycling
CULD may interact with Arr1 to control the Rh1 localization in different ways. First,
it may prevent Arr1 from inducing Rh1 endocytosis at the very beginning; Second, it may
promote the recycling of endocytosed Rh1 back to the rhabdomere, for example, by dis-
sociating Arr1 from Rh1; Third, it could sort endocytosed Rh1 protein to lysosome for
degradation. However, the last possibility is not likely because of the following reasons:
1) If Rh1 degradation is impaired in the culd mutant, it may cause the accumulation of
endocytosed Rh1 but should not lead to the reduction of photoreceptor sensitivity. The
sensitivity reduction suggests a decrease of Rh1 concentration in the rhabdomere. 2) In the
culd mutant we did not detect a significant increase of the overall Rh1 level, which should
be expected if the degradation of endocytosed Rh1 is blocked. Thus, CULD may either
negatively control Arr1-mediated Rh1 endocytosis, or promote the recycling of endocy-
tosed Rh1 molecules.
In light exposed wild-type flies, we found that CULD protein colocalized with Rh1
in scarce endocytic particles (Fig 3.7A). This led us to suspect that CULD may have a
role in the recycling of endocytosed Rh1. To investigate this, we decided to test whether
expression of CULD at a later time could remove the previously endocytosed Rh1 from
the cell body part and restore the sensitivity of the photoreceptor. For this purpose, we
generated a transgenic fly P[hs-CULD];;culd, which expresses a wild-type culd cDNA
in the culd mutant background under the control of a heat-shock promoter. We raised
the flies in normal light/dark cycles to about 36 hours old to induce Rh1 mislocalization,
and then divided them into two groups: the control group was saved in the dark for 2
days without heat shock, while the experimental group was put in the dark for the same
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time and was treated with 1-hour heat shock every 6 hours to trigger the expression of
CULD protein. Suppression of Rh1 endocytosis by light deprivation did not reverse the
Rh1 mislocalization in the control group (Fig 3.7B and C), indicating that the previously
mislocalized Rh1 cannot be removed simply upon suppression of endocytosis. However,
the heat shock-triggered CULD expression almost fully reversed the Rh1 mislocalization
(Fig 3.1B and C). More importantly, the light sensitivity also returned to the wild-type
level in the heat shocked P[hs-CULD];;culd flies (Fig 3.7D), suggesting a recovery of Rh1
concentration in the rhabdomere. In control experiments, heat shock did not cause any
significant change in either the Rh1 localization or the light sensitivity of wild type and
culd mutant flies (Fig 3.7B, C and D). Taken together, these observations strongly suggest
that CULD promotes the recycling of endocytosed Rh1 molecules.
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3.5 Discussion
In this study, we have identified a Drosophila CUB and LDLa domain protein CULD,
which binds the visual arrestin Arr1 and antagonizes Rh1 endocytosis to maintain the pho-
toreceptor sensitivity, at least partially through promoting Rh1 post-endocytic recycling.
This is the first demonstration that the light receptor rhodopsin undergoes recycling after
being internalized and has solved a long-standing puzzle of how photoreceptors counter-
act arrestin-mediated endocytosis to maintain continued high visual sensitivity during light
stimulation.
Endocytic trafficking pathways of Rh1
Like non-visual GPCRs, Drosophila Rh1 rhodopsin undergoes activity/light-dependent
endocytosis through dynamin-mediated pathways (Alloway et al., 2000; Kiselev et al.,
2000; Satoh et al., 2005; Han et al., 2007). In addition to Arr1, another visual arrestin
Arr2 and the Gq protein also mediate light-dependent Rh1 endocytosis, at least in mutant
flies. In both Arr2 and Gq pathways, the endocytosed Rh1 molecules are sorted to degra-
dation (Orem and Dolph, 2002; Han et al., 2007), probably in lysosomes. However, the
fate of Rh1 molecules that are endocytosed through the Arr1 pathway remained unknown.
In this work, we have found that the Arr1-endocytosed Rh1 protein is not degraded in the
culd mutant, and the CULD protein is involved in the recycling of endocytosed Rh1. To-
gether, these observations suggest that the Rh1 molecules in the Arr1 endocytic pathway
are directed to recycling.
The Arr2-dependent Rh1 endocytosis leads to apoptotic cell death, which is only ob-
served in mutant flies (Alloway et al., 2000; Kiselev et al., 2000). The Gq-dependent en-
docytic activity is not obvious in wild-type flies either, because of the rapid deactivation of
Rh1 by Arr2 (Dolph et al., 1993) and a dCAMTA/dFbxl4 mechanism (Han et al., 2007).
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It is reported that Arr1 mediates light-dependent Rh1 endocytosis in wild-type flies at the
pupal stage (Satoh et al., 2005). However, the level of endocytosed Rh1 is very low in adult
flies. Here we show this is due to the counteraction of the CULD protein.
It remains a mystery why Rh1 has to be endocytosed by Arr1 and then recycled back.
A likely explanation is that some photo-converted Rh1 molecules may need a longer time
to change back to the inactive, functional form, and this process has to take place outside
the rhabdomere to prevent abnormal Rh1 activities from damaging the membrane struc-
ture of the rhabdomere. Indeed, it has been found that arr1 mutants undergo rhabdomeral
degeneration (Satoh et al., 2005).
Rhodopsin internalization and photoreceptor sensitivity
In our study, the level of sensitivity reduction in the culd mutant is not strictly propor-
tional to the percentage of internalized Rh1. This could be due to the fact that we have
underestimated the level of internalized Rh1, because some endocytosed Rh1 molecules
may still reside within the microvilli of the rhabdomere. Alternatively, the decrease of Rh1
concentration in the rhabdomere may not be the only reason of the sensitivity reduction.
The internalization of a large amount of Rh1 may have changed the lipid composition of
the rhabdomeral membrane, which has a great impact on the visual signaling. It has been
reported that loss of docosahexaenoic acid in mammalian outer segments causes a lower
level of rhodopsin activity and reduced visual signaling efficiency (Niu et al., 2004; Barnett-
Norris et al., 2005).
In addition to the sensitivity reduction, the light responses terminate slowly in the culd
mutant. This phenotype also depends on the Rh1 internalization (Ni et al., unpublished
observations). It could be explained by the potential lipid change in the rhabdomeral mem-
brane, or could be due to that Arr2, the key factor for the Rh1 deactivation and the light
response termination, is also mislocalized with Rh1 (Ni et al., unpublished observation).
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Mechanisms of CULD function
A variety of GPCRs undergo rapid recycling to the membrane after being endocytosed,
which is important for timely recovery of cellular responsiveness to environmental stimuli
(Hanyaloglu and von Zastrow, 2008). Although it has been reported that the recycling of a
receptor depends on its C-terminal sequence and a couple of binding partners (Hanyaloglu
and von Zastrow, 2008; Trejo and Coughlin, 1999; Moore et al., 2007; Vargas and Zastrow,
2004; Kishi et al., 2001; Cong et al., 2001; Cao et al., 1999), the mechanism of recycling
is largely unknown. Here we have identified CULD as a molecule that promotes in vivo
recycling of the Drosophila visual GPCR Rh1. Further studies on this CULD-mediated Rh1
recycling pathway may help to reveal general mechanisms that underlie GPCR recycling.
Given that both CULD and Arr1 colocalize with Rh1 in endocytic vesicles (Satoh et al.,
2005) and that CULD physically interacts with Arr1, we propose that the CULD-Arr1
interaction mediates the recycling function of CULD. CULD may compete for Arr1 binding
with the regenerated Rh1 molecules on endocytic vesicles, so that the free Rh1 molecules
can recruit additional recycling factors. An alternative mechanism is that, after being co-
endocytosed with Rh1, CULD may form a complex with Arr1 to recruit recycling factors
and promote Rh1 recycling. Additional studies on the CULD and Rh1 binding sites of Arr1
may help to differentiate these two possibilities.
Although we have demonstrated the recycling function of CULD, our data do not ex-
clude the possibility that CULD directly controls Rh1 endocytosis. CULD could bind to
Arr1 in the rhabdomere and prevent it from inducing Rh1 endocytosis. The accumulation
of endocytosed Rh1 in the cell body of the culd mutant photoreceptor could be due to both
an excessive activity of endocytosis and a failure of recycling. To test whether CULD di-
rectly controls the endocytosis, we would first block the recycling of Rh1–for example, by
genetically disrupting the function of Rab4/Rab11.
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Functions of CUB- and LDLa-domain proteins
Both CUB and LDLa domains mediate protein-protein interaction in numerous func-
tionally unrelated proteins (Bork and Beckmann, 1993; Christensen and Birn, 2002). A
large group of membrane proteins contain both CUB and LDLa domains in their extracel-
lular domains, including at least 12 in human and more than 11 in Drosophila. So far only
a limited number of CUB-LDLa proteins have been functionally studied. For instance, a
C. elegans protein LEV-10 is found to aggregate postsynaptic ionotropic acetylcholine re-
ceptors at neuromuscular junctions (Gally et al., 2004); two human CUB-LDLa proteins
NETO-1 and NETO-2, which are predominantly expressed in retina and brain, respec-
tively (Sto¨hr et al., 2002; Michishita et al., 2003) , are reported to be auxiliary proteins of
glutamate receptors, and the NETO-1 is critical for the concentration of NR2R-containing
NMDA receptors in the postsynaptic density (Ng et al., 2009; Zhang et al., 2009). However,
the role of CUB-LDLa proteins in the regulation of GPCR function has not been studied
previously.
Our study now demonstrates that the Drosophila CUB-LDLa protein CULD is required
to localize the visual GPCR Rh1 in the rhabdomeral membrane. Thus we propose that a
common cellular function of CUB-LDLa proteins in both mammals and invertebrates is to
concentrate membrane receptors including GPCRs in particular regions of cell surface.
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Figure 3.1
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Figure 3.1. Photoreceptor sensitivity is reduced in the culd mutant.
A. Electroretinogram (ERG) recordings revealed decreased visual sensitivity in 4-day-
old culd mutant flies. Fly eyes were stimulated with a series of 2-second light pulses of
increasing intensities as labeled on the top. The first appearing response is marked with an
arrowhead. WT: wild type.
B. Quantification of ERG sensitivities in wild-type and culd mutant flies at the marked
ages. 2d: 2 days old; 4d: 4 days old. The shown mean relative sensitivities were calculated
as described in Materials and Methods. The error bars represent s.e.m.. The asterisk (*)
indicates a significant difference from the wild type (*: P<0.05; ***: P<0.001).
C. in vivo intracellular recordings of individual photoreceptors revealed decreased pho-
toreceptor sensitivity in 4-day-old culd mutant flies. Flies were stimulated with a similar
set of light pulses as for ERG.
D. Quantification of photoreceptor sensitivities measured through intracellular record-
ings in 4-day-old wild-type and culd flies. The shown mean relative sensitivities were cal-
culated as for ERG sensitivities. The error bars represent s.e.m.. The asterisk (*) indicates
a significant difference from the wild type (P<0.05).
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Figure 3.2. Rh1 rhodopsin is mislocalized in culd mutant photoreceptors.
A. Electron microscopy revealed normal morphology of rhabdomeres in 4-day-old culd
mutant flies. Each panel shows a single ommatidium in eye cross sections.
B. The protein levels of signaling molecules in the phototransduction cascade did not
decrease in the culd mutant.
C. In immunofluorescence staining, TRP was localized normally in rhabdomeres, while
Rh1 was mislocalized to the cell body regions of culd mutant photoreceptors. Eye cross
sections of 2-day-old flies were stained.
D. Immunofluorescence staining revealed an even more severe mislocalization of Rh1
in 4-day-old culd mutant flies.
E. Quantification of the Rh1 mislocalization in wild-type and culd mutant flies at the
marked ages. The shown % of Rh1 mislocalization was calculated as described in Mate-
rials and Methods. The error bars represent s.e.m.. The asterisk (*) indicates a significant
difference from the wild type (***: P<0.001).
F. Immunogold labeling of Rh1 showed that the mislocalized Rh1 in culd mutant pho-
toreceptors resided in large collections of tiny vesicles.
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Figure 3.3
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Figure 3.3. The mislocalization of Rh1 is due to activity- and Arr1-dependent endocy-
tosis.
A. Rh1 was localized normally in the rhabdomeres of 4-day-old, dark-reared culd mu-
tant flies.
B. Blocking of dynamin function through Shits, a temperature-sensitive, dominant-
negative form of Shibire, prevented the Rh1 mislocalization in culd mutant photoreceptors.
Rh1 mislocalization (arrow) was observed at 18◦C but not at 31◦C, which is a restrictive
temperature of Shits. Because Shits has partial dominant effects even at permissive tem-
peratures (Gonzalez-Bellido et al., 2009), the Rh1 mislocalization in the Shits,culd fly was
not as severe as that in the culd fly. The less Rh1 mislocalization was also due to the fact
that this genotype (UAS-Shits;ey-gal4;culd) contained 4 copies of w+ and was raised in
about 12h (∼100lux) light /12h dark cycles.
C. A hypomorphic mutation of Gαq (Gq) did not prevent the mislocalization of Rh1 in
culd mutant photoreceptors.
D. A hypomorphic mutation of arr1 suppressed the mislocalization of Rh1 in culd
mutant photoreceptors.
E. Quantification of the Rh1 mislocalization in 4-day-old flies. L: raised in normal
light/dark cycles; D: dark-reared. The asterisk (*) indicates a significant difference from
the culd mutant raised in normal light/dark cycles (**: P<0.01; ***: P<0.001).
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Figure 3.4. The mislocalization of Rh1 causes the sensitivity reduction in the culd
mutant. All sensitivities in this figure are measured by ERG recordings.
A. The visual sensitivity did not decrease in dark-reared, 4-day-old culd mutant flies.
Note that these flies had no Rh1 mislocalization.
B. Blocking of Rh1 endocytosis through Shits suppressed the reduction of visual sen-
sitivity in the culd mutant background. The asterisk (*) indicates a significant difference
from the flies raised at 18◦C (P<0.05).
C. In the hypomorphic arr1 mutant background that prevents Rh1 mislocalization, the
culd mutation did not cause a reduction of light sensitivity. The asterisk (*) indicates a
significant difference between the paired samples (***: P<0.001). NS: no significant dif-
ference.
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Figure 3.5
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Figure 3.5. Loss of CULD is responsible for the culd mutant phenotypes.
A. The domain structure of the CULD protein. SP: signal peptide; CUB: Complement
C1r/C1s, Uegf, Bone morphogenic protein 1; LDLa: low-density lipoprotein receptor do-
main class A; TM: transmembrane domain. The fragment aa 551-738 (in green) was used
to generate the polyclonal CULD antibody.
B. CULD protein was detected in wild-type but not culd mutant flies. In wild type, it
was co-localized with Rh1 in peripheral rhabdomeres. Flies were raised in the dark and
examined at 2 days old.
C. The heterozygote of the culd mutation over the deficiency chromosome Df(3L)66C-
G28 showed similar Rh1 mislocalization as the homozygous mutant.
D. A precise excision of the P element from the culd mutant rescued the Rh1 mislocal-
ization.
E. A wild-type culd cDNA abolished the Rh1 mislocalization (right panel) after being
expressed specifically in photoreceptors through a trp gene promoter. The left panel is in a
wild-type background, shown as a control.
F. Quantification of the Rh1 mislocalization in 4-day-old flies. The asterisk (*) indicates
a significant difference from the culd mutant (***: P<0.001).
G. Loss of CULD is responsible for the visual sensitivity reduction in the culd mutant.
The asterisk (*) indicates a significant difference from the culd mutant (*: P<0.05; ***:
P<0.001).
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Figure 3.6. CULD interacts with Arr1 to localize Rh1 in the rhabdomere.
A. Arr1 interacted with CULD in vitro. A GST-fused intracellular fragment of CULD
(aa 551-738) specifically pulled down Arr1 from fly head extracts in a glutathione-sepharose
binding assay. Lane one was loaded with 1/15 of extract input.
B. Sequential truncation of a MBP-CULD fragment identified four amino acids (S729,
S731, S733, T735) critical for the interaction with Arr1. Y and N: the fragment bound or did
not bind Arr1, respectively. Note that the fragment aa 686-738 containing the mutations
S729A, S731A, S733A, T735A (showed in red) did not bind Arr1.
C. A mutant culd cDNA (CULD*) containing the S729A, S731A, S733A, T735A muta-
tions did not fully suppress the Rh1 mislocalization after being expressed in culd mutant
photoreceptors through the trp gene promoter. The right panel is the quantification of Rh1
mislocalization in 4-day-old flies. The asterisk (*) indicates a significant difference be-
tween the paired samples ( **: P<0.01; ***: P<0.001).
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Figure 3.7. CULD promotes Rh1 recycling.
A. Upon light stimulation, CULD proteins were internalized and co-localized with en-
docytosed Rh1 (arrowheads). Flies were raised in normal light/dark cycles and were exam-
ined at 2 days old.
B. The previously endocytosed Rh1 was removed by expression of CULD through
a heat-shock promoter, but not by suppression of endocytosis through light deprivation.
L: raised in normal light/dark cycles for ∼36 hours; L+D: after being raised in normal
light/dark cycles for ∼36 hours, flies were moved to the dark for ∼2 days; L+D w. hs:
same as L+D except that the flies were treated with 1-hour heat shocks every 6 hours in the
dark.
C. Quantification of the Rh1 mislocalization in B (**: P<0.01).
D. The reduction of light sensitivity was reversed by expression of CULD through the
heat-shock promoter, but not by light deprivation (*: P<0.05). The treatments were the
same as in B.
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Figure 3.8. Knockdown of CULD expression through an actin promoter causes Rh1
mislocalization in both wild-type and an arr2 mutant background.
A. Rh1 distributions in 7-day-old Act5-gal4;UAS-culdRNAi (left) and Act5-gal4;UAS-
culdRNAi,arr2 (right) flies. The culdRNAi was expressed through the actin promoter Act5.
Both flies have two copies of w+, and thus have red eyes.
B. Quantification of the Rh1 mislocalization in the culd knockdown flies. The asterisk
(*) indicates a significant difference from culdRNAi (***: P<0.001).
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Figure 3.9
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Figure 3.9. Knockdown of CULD expression through a tubulin promoter phenocopies
the culd mutant.
A. Rh1 was mislocalized in a cn,bw;tub-gal4/culdRNAi fly (right panel). This fly has
white eyes due to cn,bw.
B. Quantification of Rh1 mislocalization in 4-day-old flies. The asterisk (*) indicates a
significant difference from the wild type (***: P<0.001).
C. Quantification of ERG sensitivities in 4-day-old flies. The asterisk (*) indicates a
significant difference from the wild type (***: P<0.001).
CHAPTER IV: GENERAL DISCUSSION
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The work presented in this dissertation is focused on the molecular mechanisms un-
derlying the maintenance of high photoreceptor sensitivity in Drosophila. Our studies have
identified two molecules that are required to maintain the sensitivity through different path-
ways. First, TADR prevents an abnormal activity of Gq to maintain the rhabdomeral mem-
brane structure. Second, CULD antagonizes Arr1-mediated Rh1 rhodopsin endocytosis to
keep the rhabdomeral localization of Rh1, thereby maintaining the photoreceptor sensitiv-
ity.
4.1 New insights into the mechanisms underlying the maintenance of
photoreceptor sensitivity
The high sensitivities of photoreceptors depend to a great extent on a high content of
rhodopsin in light sensory organelles, which is achieved by the following two mechanisms.
First, tightly organized microvilli greatly increase the photoreceptive membrane area
to accommodate a huge amount of rhodopsin molecules. Previous studies have shown
that activities of Rh1 and TRP need to be controlled appropriately to prevent rhabdomeres
from degeneration, which occurs, at least partially, due to over stimulation of phototrans-
duction cascade (Iakhine et al., 2004; Dolph et al., 1993; Alloway et al., 2000; Yoon
et al., 2000; Raghu et al., 2000b). In this thesis, we have shown that the signaling of
Gq protein also needs to be regulated to prevent rhabdomeral degeneration and TADR pro-
motes the translocalization of activated Gq from rhabdomeral membrane to cytosol. In the
absence of TADR, the activated Gq is retained on the rhabdomeral membrane, thereby trig-
gering the degeneration of rhabdomeres. Surprisingly, the downstream effectors of Gq in
phototransduction pathway, including PLC and TRP, are not involved in the degeneration,
suggesting that Gq activates a branched pathway to induce the rhabdomeral degeneration.
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Second, to achieve the high rhodopsin content in rhabdomeres, the concentration of
rhodopsin in rhabdomeral membrane has to be high. However, Drosophila Rh1 rhodopsin
undergoes activity-dependent endocytosis through Arr1-mediated pathway in wild-type
flies, at least at the pupal stage (Satoh and Ready, 2005). Nonetheless, the level of endocy-
tosed Rh1 is very low in adult flies, which does not significantly decrease the Rh1 concen-
tration in rhabdomeral membrane. In this thesis, we have demonstrated that a new protein
CULD that antagonizes Arr1-mediated, light-dependent endocytosis of Rh1 rhodopsin, at
least partially through promoting recycling of endocytosed rhodopsin molecules. This pro-
vides in vivo evidence to show that endocytosed Rh1 undergoes recycling, which recovers
the rhodopsin concentration in the rhabdomeral membrane.
4.2 Significance to the study of general GPCR signaling
GPCRs form the largest family of cell-surface receptors and mediate a wide variety of
biological processes, including vision, taste and smell (Ferguson, 2001; Claing et al., 2002;
Shenoy and Lefkowitz, 2003). Binding to the ligand triggers a conformational change in the
receptor, which leads to the stimulation of heterotrimeric G proteins(Alberts et al., 2002).
Based on the amino acid sequence relatedness of the α subunits, G proteins can be divided
into three major families. It used to be thought that the Gq family protein only activates
phospholipase C (PLC) (Alberts et al., 2002). However, recent in vitro studies suggested
that Gq can activate alternative pathways via small GTPase, such as Rho and ARF (Gigue`re
et al., 2006; Lutz et al., 2005; Rojas et al., 2007). Our study on the tadr mutant has provided
in vivo evidence to show the existence of branched pathways. This study also points to the
importance of the Gq localization in the determination of the downstream effectors.
To ensure that the extracellular stimuli are translated into intracellular signals with ap-
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propriate magnitude and specificity, GPCR signaling cascade is tightly regulated. One
of the major mechanisms is to modulate GPCR endocytic trafficking, which controls the
amount of cell surface receptors (Claing et al., 2002; Moore et al., 2007). While some en-
docytosed GPCRs are sorted to lysosome for degradation, many others are recycled back to
plasma membrane for the cell resensitization (Claing et al., 2002). Nonetheless, the mech-
anism that underlies GPCR recycling remains largely unknown. Our study on the culd
mutant has shown the GPCR recycling in an intact organism. Most importantly, we have
identified CULD as a membrane protein that mediates the recycling of the GPCR/Rh1.
The interaction between CULD and Arr1 is important for the CULD function in vivo. Fur-
ther studies on the CULD-Arr1 and Arr1-Rh1 interactions may lead to the unveiling of a
molecular mechanism of how CULD promotes Rh1 recycling.
4.3 Clinical relevance
1) Retinal disorders
The Drosophila eye is a valuable model system for the study of genetic, molecular
and cell biological bases of retinal disorders. People have successfully modeled autosomal
dominant retinitis pigmentosa (ADRP) with Drosophila. Proline substitution at position-
23 by histidine (P23H) is the most frequent rhodopsin mutation causing ADRP (Galy
et al., 2005). Although transgenic mice and rats expressing RhoP23H recapitulate dom-
inant photoreceptor degeneration (Olsson et al., 1992), it is hard to clarify the pathogenic
mechanism using these models. The powerful genetics makes Drosophila a better system to
study the pathologies of human disorders at the molecular level. The Rh1P37H transgenic
fly faithfully reproduces the pathological events occurring in ADRP patients that carry the
RhoP23H mutation: age-/light-dependent dominant photoreceptor degeneration and vision
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loss. More importantly, this Drosophila model has contributed to the clarification of the
pathogenic mechanism of the disease: apoptotic death through the activation of two stress-
specific mitogen-activated protein kinases (MAPKs), p38 and JNK (Galy et al., 2005).
Our study on the tadr mutant suggests that the Gq-mediated photoreceptor degenera-
tion is through a branched pathway that is different from the phototransduction cascade.
Similar alternative pathways of G protein may also exist in mammalian photoreceptors.
Rac1, a potential effector of transducin, has been shown to mediate the photo-oxidative
stress-induced photoreceptor degeneration in mammals (Haruta et al., 2009). Thus, further
characterization of the Gq-mediated rhabdomeral degeneration in Drosophila photorecep-
tors may provide valuable clues for the therapy of retinal degeneration disorders in human.
2) G protein-mediated neuronal degeneration
An increasing number of studies show that G proteins are implicated in the pathophys-
iology of neuronal degenerative disorders. Alzheimer’s disease (AD) is the most frequent
neuronal degenerative disease of older Americans (Thathiah and Strooper, 2009). In some
AD patients, beta-amyloid accumulation has an effect on the oligomerization of the an-
giotensin II type 2 receptor and sequestration of the Gαq/11 family of G proteins (Thathiah
and Strooper, 2009; AbdAlla et al., 2009b). The sequestration of Gαq/11 causes neuronal
degeneration, which accounts for the AD pathology (Thathiah and Strooper, 2009; AbdAlla
et al., 2009b; AbdAlla et al., 2009a). Meanwhile, the Gαq/11 sequestration results in the
dysfunctional coupling and signaling between M1 mAChR and Gαq/11, which prevents the
AD pathology (Thathiah and Strooper, 2009; AbdAlla et al., 2009a).
Our study of the tadr mutant suggests that dysregulation of Gq protein localization ac-
tivates branched pathways to induce photoreceptor degeneration. This further supports the
theory that mislocalization of Gq proteins may trigger neuronal degeneration in different
organisms. Thus, identification of alternative effectors of Gq protein in neurons may pro-
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vide potential targets for therapeutic treatments of neurodegenerative disorders including
AD.
3) GPCR endocytic trafficking and drug tolerance
Numerous GPCRs undergo endocytosis upon stimulation. And many of them are re-
cycled back to the membrane after the stimulating ligand is removed (Claing et al., 2002).
The failure of GPCRs in this cycle will change the receptor densities on the cell surface
and affect the cell sensitivities to environmental stimuli. The failure of this process may
also lead to other clinical problems, such as drug tolerances (Alvarez et al., 2001; Finn and
Whistler, 2001). It has been reported that endocytosis of the mu opioid receptor (MOR)
can reduce the development of morphine tolerance in rat (Finn and Whistler, 2001).
Our study on the culd mutant has identified a protein CULD that is required to pro-
mote Rh1 recycling, and the interaction with Arr1 is important for its function. Similar
mechanisms may regulate the endocytic trafficking of non-visual GPCRs, such as MOR.
Thus, CULD-related proteins in mammals are potential molecular targets for the clinical
treatments to potentiate the receptor recycling and to alleviate drug tolerance.
4.4 Future studies
In this thesis we have identified new molecular mechanisms underlying the maintenance
of visual sensitivity in Drosophila, either through preventing Gq-mediated rhabdomeral
degeneration or through antagonizing arrestin-mediated rhodopsin endocytosis. However,
the molecular components involved in these pathways are still unclear. To identify the
molecular pathways, we will first examine some known-function molecules.
As the branched pathway of Gq induces tadr-mediated rhabdomeral degeneration, we
will test alternative effectors of Gq to investigate whether they are required for the degen-
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eration. ARF- and Rho-GEF proteins could be such candidates (Gigue`re et al., 2006; Lutz
et al., 2005; Rojas et al., 2007).
To further understand the Rh1 recycling pathway, we will examine the function of
known factors that are critical for GPCR recycling, such as Rab11 and Rab4 (Seachrist
and Ferguson, 2003). Although Rab11 mediates post-golgi trafficking of Rh1 during de-
velopment (Satoh et al., 2005), its role in the recycling of rhodopsin remains unknown. We
may test this by examining Rh1 localization and visual sensitivity in Rab11 or Rab4 knock-
down flies. It is also interesting to investigate whether Rab11 and/or Rab4 work together
with CULD to promote Rh1 recycling by co-labeling Rab11 and/or Rab4 with CULD in
Rh1 positive endocytic vesicles. Furthermore, we may test the role of Rab11 in Rh1 recy-
cling by overexpressing the gene of blue cheese (bchs), whose product is expressed in the
Drosophila eye (Finley et al., 2003) and antagonizes Rab11 function (Khodosh et al., 2006).
In addition to Rab11 and Rab4, SNARE proteins mediate vesicle fusion and are known to
be involved in vesicle recycling (Igarashi and Watanabe, 2007). We may test their function
in the Rh1 recycling process.
To better understand the mechanisms required for the maintenance of visual sensitivity,
it is important to identify the complete genetic network that is critical for the sensitivity.
For this purpose, we can conduct an unbiased, genome-wide genetic screen. Conventional
screens for visual genes assayed homozygous mutant flies, and thus missed the genes that
are essential for the fly to survive to adulthood. In order to assay visual functions of these
genes and provide a complete picture of the gene network that controls visual signaling, we
will introduce a mosaic technique to an ethyl methanesulfonate (EMS)-based mutagenesis
screen as described by Stowers and Schwarz (Stowers and Schwarz, 1999). In this case,
we can detect recessive visual phenotypes in heterozygous mutant flies. We will conduct
the screen in a genetic background that expresses a GFP-fused Rh1, so that we can assay
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the rhabdomeral structure in live flies by examining the Rh1 expression pattern under flu-
orescence microscope. We may also directly assay the visual sensitivities of mutant flies
with ERG recording. Figure 4.1 shows an example of genetic crossing scheme to screen
for mutant genes on the arm 2L.
Based on this screen, we hope to get more mutants with abnormal rhabdomeral struc-
ture. Once the mutant gene is mapped and identified, we will characterize how loss of
the gene leads to the degeneration. Specifically, we will investigate whether a signaling
component of visual transduction cascade is involved in the degeneration, as we did for
the tadr mutant. Finally, we will attempt to identify factors that mediate the degeneration
downstream of that visual signaling molecule.
From this screen, we also hope to get some mutants with culd phenotypes, including
reduced visual sensitivity and abnormal rhodopsin localization. Once the mutant gene is
mapped and identified, we will characterize whether the protein, encoded by the gene, is
involved in Rh1 endocytic trafficking. Importantly, we will investigate how this protein
antagonizes Rh1 endocytosis to maintain photoreceptor sensitivity. Specifically, we will
examine whether this protein works together with CULD to promote Rh1 recycling. These
studies will advance our understanding of Rh1/GPCR endocytic trafficking and its physio-
logical functions.
Moreover, we can screen for the components involved in tadr-mediated retinal degen-
eration and culd-mediated Rh1 mislocalization through modifier screens (Johnston, 2002).
We will use a similar protocol to that in Fig 4-1. The only difference is that all flies used
in the screen have a tadr or culd mutant background. We will screen for fly lines with
enhanced or suppressed original phenotypes to fully understand the molecular pathways.
In summary, the studies detailed in this dissertation have identified two essential molec-
ular mechanisms underlying the maintenance of high rhodopsin content in photosensory
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organelles, which is required for the achievement of continued high visual sensitivity. The
identification of Gq-mediated rhabdomeral degeneration through a branched pathway has
provided new molecular basis for rhabdomeral protection. The discovery of a CULD-
mediated post-endocytic recycling pathway of Rh1 rhodopsin has solved a long-standing
puzzle about how photoreceptors antagonize arrestin-dependent Rh1 rhodopsin endocyto-
sis to maintain high visual sensitivities. This work advances our understanding of visual
biology and the regulation of GPCR signaling in general, and may provide valuable clues
to pathologic studies of human retinal degeneration disorders, such as RP, which may help
to reveal therapeutic approaches.
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Figure 4.1
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Figure 4.1: Genetic crossing schemes to look for causal genes of retinal disorders by
EMS screen.
BIBLIOGRAPHY
AbdAlla, S., Lother, H., el Missiry, A., Langer, A., Sergeev, P., el Faramawy, Y. and Quitterer,
U.: 2009a, Angiotensin ii at2 receptor oligomers mediate g-protein dysfunction in an animal
model of alzheimer disease., J Biol Chem 284(10), 6554–6565.
AbdAlla, S., Lother, H., el Missiry, A., Sergeev, P., Langer, A., el Faramawy, Y. and Quitterer, U.:
2009b, Dominant negative at2 receptor oligomers induce g-protein arrest and symptoms of
neurodegeneration., J Biol Chem 284(10), 6566–6574.
Acharya, J. K., Jalink, K., Hardy, R. W., Hartenstein, V. and Zuker, C. S.: 1997, Insp3 receptor is
essential for growth and differentiation but not for vision in drosophila., Neuron 18(6), 881–
887.
Adams, M. D., Celniker, S. E., Holt, R. A., Evans, C. A., Gocayne, J. D., Amanatides, P. G.,
Scherer, S. E., Li, P. W., Hoskins, R. A., Galle, R. F., George, R. A., Lewis, S. E., Richards, S.,
Ashburner, M., Henderson, S. N., Sutton, G. G., Wortman, J. R., Yandell, M. D., Zhang, Q.,
Chen, L. X., Brandon, R. C., Rogers, Y. H., Blazej, R. G., Champe, M., Pfeiffer, B. D., Wan,
K. H., Doyle, C., Baxter, E. G., Helt, G., Nelson, C. R., Gabor, G. L., Abril, J. F., Agbayani,
A., An, H. J., Andrews-Pfannkoch, C., Baldwin, D., Ballew, R. M., Basu, A., Baxendale,
J., Bayraktaroglu, L., Beasley, E. M., Beeson, K. Y., Benos, P. V., Berman, B. P., Bhandari,
D., Bolshakov, S., Borkova, D., Botchan, M. R., Bouck, J., Brokstein, P., Brottier, P., Burtis,
K. C., Busam, D. A., Butler, H., Cadieu, E., Center, A., Chandra, I., Cherry, J. M., Cawley, S.,
Dahlke, C., Davenport, L. B., Davies, P., de Pablos, B., Delcher, A., Deng, Z., Mays, A. D.,
Dew, I., Dietz, S. M., Dodson, K., Doup, L. E., Downes, M., Dugan-Rocha, S., Dunkov, B. C.,
Dunn, P., Durbin, K. J., Evangelista, C. C., Ferraz, C., Ferriera, S., Fleischmann, W., Fosler,
C., Gabrielian, A. E., Garg, N. S., Gelbart, W. M., Glasser, K., Glodek, A., Gong, F., Gorrell,
J. H., Gu, Z., Guan, P., Harris, M., Harris, N. L., Harvey, D., Heiman, T. J., Hernandez, J. R.,
Houck, J., Hostin, D., Houston, K. A., Howland, T. J., Wei, M. H., Ibegwam, C., Jalali, M.,
Kalush, F., Karpen, G. H., Ke, Z., Kennison, J. A., Ketchum, K. A., Kimmel, B. E., Kodira,
C. D., Kraft, C., Kravitz, S., Kulp, D., Lai, Z., Lasko, P., Lei, Y., Levitsky, A. A., Li, J., Li,
Z., Liang, Y., Lin, X., Liu, X., Mattei, B., McIntosh, T. C., McLeod, M. P., McPherson, D.,
Merkulov, G., Milshina, N. V., Mobarry, C., Morris, J., Moshrefi, A., Mount, S. M., Moy,
M., Murphy, B., Murphy, L., Muzny, D. M., Nelson, D. L., Nelson, D. R., Nelson, K. A.,
Nixon, K., Nusskern, D. R., Pacleb, J. M., Palazzolo, M., Pittman, G. S., Pan, S., Pollard, J.,
Puri, V., Reese, M. G., Reinert, K., Remington, K., Saunders, R. D., Scheeler, F., Shen, H.,
Shue, B. C., Side´n-Kiamos, I., Simpson, M., Skupski, M. P., Smith, T., Spier, E., Spradling,
A. C., Stapleton, M., Strong, R., Sun, E., Svirskas, R., Tector, C., Turner, R., Venter, E.,
Wang, A. H., Wang, X., Wang, Z. Y., Wassarman, D. A., Weinstock, G. M., Weissenbach,
J., Williams, S. M., WoodageT, Worley, K. C., Wu, D., Yang, S., Yao, Q. A., Ye, J., Yeh,
R. F., Zaveri, J. S., Zhan, M., Zhang, G., Zhao, Q., Zheng, L., Zheng, X. H., Zhong, F. N.,
Zhong, W., Zhou, X., Zhu, S., Zhu, X., Smith, H. O., Gibbs, R. A., Myers, E. W., Rubin,
G. M. and Venter, J. C.: 2000, The genome sequence of drosophila melanogaster., Science
287(5461), 2185–2195.
118
119
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. and Walter, P.: 2002, Molecular Biology
of the Cell, Garland.
Alloway, P. G., Howard, L. and Dolph, P. J.: 2000, The formation of stable rhodopsin-arrestin
complexes induces apoptosis and photoreceptor cell degeneration., Neuron 28(1), 129–138.
Alvarez, V., Arttamangkul, S. and Williams, J. T.: 2001, A rave about opioid withdrawal., Neuron
32(5), 761–763.
Barnett-Norris, J., Lynch, D. and Reggio, P. H.: 2005, Lipids, lipid rafts and caveolae: their
importance for gpcr signaling and their centrality to the endocannabinoid system., Life Sci
77(14), 1625–1639.
Blackshaw, S., Fraioli, R. E., Furukawa, T. and Cepko, C. L.: 2001, Comprehensive analysis of
photoreceptor gene expression and the identification of candidate retinal disease genes., Cell
107(5), 579–589.
Bloomquist, B. T., Shortridge, R. D., Schneuwly, S., Perdew, M., Montell, C., Steller, H., Rubin, G.
and Pak, W. L.: 1988, Isolation of a putative phospholipase c gene of drosophila, norpa, and
its role in phototransduction., Cell 54(5), 723–733.
Bork, P. and Beckmann, G.: 1993, The cub domain. a widespread module in developmentally regu-
lated proteins., J Mol Biol 231(2), 539–545.
Borycz, J., Borycz, J. A., Loubani, M. and Meinertzhagen, I. A.: 2002, tan and ebony genes reg-
ulate a novel pathway for transmitter metabolism at fly photoreceptor terminals., J Neurosci
22(24), 10549–10557.
Cao, T. T., Deacon, H. W., Reczek, D., Bretscher, A. and von Zastrow, M.: 1999, A kinase-regulated
pdz-domain interaction controls endocytic sorting of the beta2-adrenergic receptor., Nature
401(6750), 286–290.
Chen, J., Shi, G., Concepcion, F. A., Xie, G., Oprian, D. and Chen, J.: 2006, Stable
rhodopsin/arrestin complex leads to retinal degeneration in a transgenic mouse model of auto-
somal dominant retinitis pigmentosa., J Neurosci 26(46), 11929–11937.
Chou, W. H., Hall, K. J., Wilson, D. B., Wideman, C. L., Townson, S. M., Chadwell, L. V. and Britt,
S. G.: 1996, Identification of a novel drosophila opsin reveals specific patterning of the r7 and
r8 photoreceptor cells., Neuron 17(6), 1101–1115.
Chou, W. H., Huber, A., Bentrop, J., Schulz, S., Schwab, K., Chadwell, L. V., Paulsen, R. and Britt,
S. G.: 1999, Patterning of the r7 and r8 photoreceptor cells of drosophila: evidence for induced
and default cell-fate specification., Development 126(4), 607–616.
Christensen, E. I. and Birn, H.: 2002, Megalin and cubilin: multifunctional endocytic receptors.,
Nat Rev Mol Cell Biol 3(4), 256–266.
Chyb, S., Raghu, P. and Hardie, R. C.: 1999, Polyunsaturated fatty acids activate the drosophila
light-sensitive channels trp and trpl., Nature 397(6716), 255–259.
120
Claing, A., Laporte, S. A., Caron, M. G. and Lefkowitz, R. J.: 2002, Endocytosis of g protein-
coupled receptors: roles of g protein-coupled receptor kinases and beta-arrestin proteins., Prog
Neurobiol 66(2), 61–79.
Cong, M., Perry, S. J., Hu, L. A., Hanson, P. I., Claing, A. and Lefkowitz, R. J.: 2001, Binding of the
beta2 adrenergic receptor to n-ethylmaleimide-sensitive factor regulates receptor recycling., J
Biol Chem 276(48), 45145–45152.
Cook, B., Bar-Yaacov, M., Ben-Ami, H. C., Goldstein, R. E., Paroush, Z., Selinger, Z. and Minke,
B.: 2000, Phospholipase c and termination of g-protein-mediated signalling in vivo., Nat Cell
Biol 2(5), 296–301.
Cronin, M. A., Diao, F. and Tsunoda, S.: 2004, Light-dependent subcellular translocation of gqalpha
in drosophila photoreceptors is facilitated by the photoreceptor-specific myosin iii ninac., J
Cell Sci 117(Pt 20), 4797–4806.
Daiger, S. P., Bowne, S. J. and Sullivan, L. S.: 2007, Perspective on genes and mutations causing
retinitis pigmentosa., Arch Ophthalmol 125(2), 151–158.
Devary, O., Heichal, O., Blumenfeld, A., Cassel, D., Suss, E., Barash, S., Rubinstein, C. T., Minke,
B. and Selinger, Z.: 1987, Coupling of photoexcited rhodopsin to inositol phospholipid hy-
drolysis in fly photoreceptors., Proc Natl Acad Sci U S A 84(19), 6939–6943.
Dizhoor, A. M., Woodruff, M. L., Olshevskaya, E. V., Cilluffo, M. C., Cornwall, M. C., Sieving,
P. A. and Fain, G. L.: 2008, Night blindness and the mechanism of constitutive signaling of
mutant g90d rhodopsin., J Neurosci 28(45), 11662–11672.
Dolph, P. J., Ranganathan, R., Colley, N. J., Hardy, R. W., Socolich, M. and Zuker, C. S.: 1993,
Arrestin function in inactivation of g protein-coupled receptor rhodopsin in vivo., Science
260(5116), 1910–1916.
Dryja, T. P.: 2000, Molecular genetics of oguchi disease, fundus albipunctatus, and other forms
of stationary night blindness: Lvii edward jackson memorial lecture., Am J Ophthalmol
130(5), 547–563.
D’Souza-Schorey, C. and Chavrier, P.: 2006, Arf proteins: roles in membrane traffic and beyond.,
Nat Rev Mol Cell Biol 7(5), 347–358.
Elia, N., Frechter, S., Gedi, Y., Minke, B. and Selinger, Z.: 2005, Excess of gbetae over gqal-
phae in vivo prevents dark, spontaneous activity of drosophila photoreceptors., J Cell Biol
171(3), 517–526.
Fabian-Fine, R., Verstreken, P., Hiesinger, P. R., Horne, J. A., Kostyleva, R., Zhou, Y., Bellen,
H. J. and Meinertzhagen, I. A.: 2003, Endophilin promotes a late step in endocytosis at glial
invaginations in drosophila photoreceptor terminals., J Neurosci 23(33), 10732–10744.
Ferguson, S. S.: 2001, Evolving concepts in g protein-coupled receptor endocytosis: the role in
receptor desensitization and signaling., Pharmacol Rev 53(1), 1–24.
121
Finley, K. D., Edeen, P. T., Cumming, R. C., Mardahl-Dumesnil, M. D., Taylor, B. J., Rodriguez,
M. H., Hwang, C. E., Benedetti, M. and McKeown, M.: 2003, blue cheese mutations define a
novel, conserved gene involved in progressive neural degeneration., J Neurosci 23(4), 1254–
1264.
Finn, A. K. and Whistler, J. L.: 2001, Endocytosis of the mu opioid receptor reduces tolerance and
a cellular hallmark of opiate withdrawal., Neuron 32(5), 829–839.
Franceschini, N. and Kirschfeld, K.: 1971, [pseudopupil phenomena in the compound eye of
drosophila], Kybernetik 9(5), 159–182.
Franceschini, N., Kirschfeld, K. and Minke, B.: 1981, Fluorescence of photoreceptor cells observed
in vivo., Science 213(4513), 1264–1267.
Frechter, S., Elia, N., Tzarfaty, V., Selinger, Z. and Minke, B.: 2007, Translocation of gq alpha
mediates long-term adaptation in drosophila photoreceptors., J Neurosci 27(21), 5571–5583.
Fryxell, K. J. and Meyerowitz, E. M.: 1987, An opsin gene that is expressed only in the r7 photore-
ceptor cell of drosophila., EMBO J 6(2), 443–451.
Fuchs, S., Nakazawa, M., Maw, M., Tamai, M., Oguchi, Y. and Gal, A.: 1995, A homozygous
1-base pair deletion in the arrestin gene is a frequent cause of oguchi disease in japanese., Nat
Genet 10(3), 360–362.
Gally, C., Eimer, S., Richmond, J. E. and Bessereau, J.-L.: 2004, A transmembrane protein required
for acetylcholine receptor clustering in caenorhabditis elegans., Nature 431(7008), 578–582.
Galy, A., Roux, M. J., Sahel, J. A., Le´veillard, T. and Giangrande, A.: 2005, Rhodopsin maturation
defects induce photoreceptor death by apoptosis: a fly model for rhodopsinpro23his human
retinitis pigmentosa., Hum Mol Genet 14(17), 2547–2557.
Gengs, C., Leung, H.-T., Skingsley, D. R., Iovchev, M. I., Yin, Z., Semenov, E. P., Burg, M. G.,
Hardie, R. C. and Pak, W. L.: 2002, The target of drosophila photoreceptor synaptic transmis-
sion is a histamine-gated chloride channel encoded by ort (hcla)., J Biol Chem 277(44), 42113–
42120.
Gigue`re, P., Rochdi, M. D., Laroche, G., Dupre´, E., Whorton, M. R., Sunahara, R. K., Claing, A.,
Dupuis, G. and Parent, J.-L.: 2006, Arf6 activation by galpha q signaling: Galpha q forms
molecular complexes with arno and arf6., Cell Signal 18(11), 1988–1994.
Gonzalez-Bellido, P. T., Wardill, T. J., Kostyleva, R., Meinertzhagen, I. A. and Juusola, M.: 2009,
Overexpressing temperature-sensitive dynamin decelerates phototransduction and bundles mi-
crotubules in drosophila photoreceptors., J Neurosci 29(45), 14199–14210.
Granzin, J., Wilden, U., Choe, H. W., Labahn, J., Krafft, B. and Bldt, G.: 1998, X-ray crystal
structure of arrestin from bovine rod outer segments., Nature 391(6670), 918–921.
Han, J., Gong, P., Reddig, K., Mitra, M., Guo, P. and Li, H.-S.: 2006, The fly camta transcription fac-
tor potentiates deactivation of rhodopsin, a g protein-coupled light receptor., Cell 127(4), 847–
858.
122
Han, J., Reddig, K. and Li, H.-S.: 2007, Prolonged g(q) activity triggers fly rhodopsin endocytosis
and degradation, and reduces photoreceptor sensitivity., EMBO J 26(24), 4966–4973.
Hanyaloglu, A. C. and von Zastrow, M.: 2008, Regulation of gpcrs by endocytic membrane traf-
ficking and its potential implications., Annu Rev Pharmacol Toxicol 48, 537–568.
Hao, W., Wenzel, A., Obin, M. S., Chen, C.-K., Brill, E., Krasnoperova, N. V., Eversole-Cire, P.,
Kleyner, Y., Taylor, A., Simon, M. I., Grimm, C., Reme´, C. E. and Lem, J.: 2002, Evidence
for two apoptotic pathways in light-induced retinal degeneration., Nat Genet 32(2), 254–260.
Hardie, R. C. and Minke, B.: 1992, The trp gene is essential for a light-activated ca2+ channel in
drosophila photoreceptors., Neuron 8(4), 643–651.
Hardie, R. C., Peretz, A., Suss-Toby, E., Rom-Glas, A., Bishop, S. A., Selinger, Z. and Minke, B.:
1993, Protein kinase c is required for light adaptation in drosophila photoreceptors., Nature
363(6430), 634–637.
Hardie, R. C. and Raghu, P.: 1998, Activation of heterologously expressed drosophila trpl channels:
Ca2+ is not required and insp3 is not sufficient., Cell Calcium 24(3), 153–163.
Hardie, R. C. and Raghu, P.: 2001, Visual transduction in drosophila., Nature 413(6852), 186–193.
Harris, W. A., Ready, D. F., Lipson, E. D., Hudspeth, A. J. and Stark, W. S.: 1977, Vitamin a
deprivation and drosophila photopigments., Nature 266(5603), 648–650.
Hartong, D. T., Berson, E. L. and Dryja, T. P.: 2006, Retinitis pigmentosa., Lancet 368(9549), 1795–
1809.
Haruta, M., Bush, R. A., Kjellstrom, S., Vijayasarathy, C., Zeng, Y., Le, Y.-Z. and Sieving, P. A.:
2009, Depleting rac1 in mouse rod photoreceptors protects them from photo-oxidative stress
without affecting their structure or function., Proc Natl Acad Sci U S A 106(23), 9397–9402.
Heller-Stilb, B., van Roeyen, C., Rascher, K., Hartwig, H.-G., Huth, A., Seeliger, M. W., Warskulat,
U. and Ha¨ussinger, D.: 2002, Disruption of the taurine transporter gene (taut) leads to retinal
degeneration in mice., FASEB J 16(2), 231–233.
Hicks, S. N., Jezyk, M. R., Gershburg, S., Seifert, J. P., Harden, T. K. and Sondek, J.: 2008, General
and versatile autoinhibition of plc isozymes., Mol Cell 31(3), 383–394.
Hong, Y. S., Park, S., Geng, C., Baek, K., Bowman, J. D., Yoon, J. and Pak, W. L.: 2002, Single
amino acid change in the fifth transmembrane segment of the trp ca2+ channel causes massive
degeneration of photoreceptors., J Biol Chem 277(37), 33884–33889.
Huber, A., Schulz, S., Bentrop, J., Groell, C., Wolfrum, U. and Paulsen, R.: 1997, Molecular cloning
of drosophila rh6 rhodopsin: the visual pigment of a subset of r8 photoreceptor cells., FEBS
Lett 406(1-2), 6–10.
Hyde, D. R., Mecklenburg, K. L., Pollock, J. A., Vihtelic, T. S. and Benzer, S.: 1990, Twenty
drosophila visual system cdna clones: one is a homolog of human arrestin., Proc Natl Acad
Sci U S A 87(3), 1008–1012.
123
Iakhine, R., Chorna-Ornan, I., Zars, T., Elia, N., Cheng, Y., Selinger, Z., Minke, B. and Hyde, D. R.:
2004, Novel dominant rhodopsin mutation triggers two mechanisms of retinal degeneration
and photoreceptor desensitization., J Neurosci 24(10), 2516–2526.
Igarashi, M. and Watanabe, M.: 2007, Roles of calmodulin and calmodulin-binding proteins in
synaptic vesicle recycling during regulated exocytosis at submicromolar ca2+ concentrations.,
Neurosci Res 58(3), 226–233.
Johnston, D. S.: 2002, The art and design of genetic screens: Drosophila melanogaster., Nat Rev
Genet 3(3), 176–188.
Katz, M. L., Kutryb, M. J., Norberg, M., Gao, C. L., White, R. H. and Stark, W. S.: 1991, Main-
tenance of opsin density in photoreceptor outer segments of retinoid-deprived rats., Invest
Ophthalmol Vis Sci 32(7), 1968–1980.
Kaushal, S. and Khorana, H. G.: 1994, Structure and function in rhodopsin. 7. point mutations
associated with autosomal dominant retinitis pigmentosa., Biochemistry 33(20), 6121–6128.
Khodosh, R., Augsburger, A., Schwarz, T. L. and Garrity, P. A.: 2006, Bchs, a beach domain protein,
antagonizes rab11 in synapse morphogenesis and other developmental events., Development
133(23), 4655–4665.
Kim, C. G., Park, D. and Rhee, S. G.: 1996, The role of carboxyl-terminal basic amino acids in
gqalpha-dependent activation, particulate association, and nuclear localization of phospholi-
pase c-beta1., J Biol Chem 271(35), 21187–21192.
Kiselev, A., Socolich, M., Vino´s, J., Hardy, R. W., Zuker, C. S. and Ranganathan, R.: 2000,
A molecular pathway for light-dependent photoreceptor apoptosis in drosophila., Neuron
28(1), 139–152.
Kishi, M., Liu, X., Hirakawa, T., Reczek, D., Bretscher, A. and Ascoli, M.: 2001, Identification of
two distinct structural motifs that, when added to the c-terminal tail of the rat lh receptor, redi-
rect the internalized hormone-receptor complex from a degradation to a recycling pathway.,
Mol Endocrinol 15(9), 1624–1635.
Kisselev, O. G. and Downs, M. A.: 2003, Rhodopsin controls a conformational switch on the trans-
ducin gamma subunit., Structure 11(4), 367–373.
Kosloff, M., Elia, N., Joel-Almagor, T., Timberg, R., Zars, T. D., Hyde, D. R., Minke, B. and
Selinger, Z.: 2003, Regulation of light-dependent gqalpha translocation and morphological
changes in fly photoreceptors., EMBO J 22(3), 459–468.
Kurada, P. and O’Tousa, J. E.: 1995, Retinal degeneration caused by dominant rhodopsin mutations
in drosophila., Neuron 14(3), 571–579.
Lee, Y. J., Shah, S., Suzuki, E., Zars, T., O’Day, P. M. and Hyde, D. R.: 1994, The drosophila dgq
gene encodes a g alpha protein that mediates phototransduction., Neuron 13(5), 1143–1157.
Lem, J. and Fain, G. L.: 2004, Constitutive opsin signaling: night blindness or retinal degeneration?,
Trends Mol Med 10(4), 150–157.
124
Leonard, D. S., Bowman, V. D., Ready, D. F. and Pak, W. L.: 1992, Degeneration of photoreceptors
in rhodopsin mutants of drosophila., J Neurobiol 23(6), 605–626.
Leung, H.-T., Tseng-Crank, J., Kim, E., Mahapatra, C., Shino, S., Zhou, Y., An, L., Doerge, R. W.
and Pak, W. L.: 2008, Dag lipase activity is necessary for trp channel regulation in drosophila
photoreceptors., Neuron 58(6), 884–896.
LeVine, H., Smith, D. P., Whitney, M., Malicki, D. M., Dolph, P. J., Smith, G. F., Burkhart, W. and
Zuker, C. S.: 1990, Isolation of a novel visual-system-specific arrestin: an in vivo substrate
for light-dependent phosphorylation., Mech Dev 33(1), 19–25.
Li, H. S. and Montell, C.: 2000, Trp and the pdz protein, inad, form the core complex required for
retention of the signalplex in drosophila photoreceptor cells., J Cell Biol 150(6), 1411–1422.
Linseman, D. A. and Loucks, F. A.: 2008, Diverse roles of rho family gtpases in neuronal develop-
ment, survival, and death., Front Biosci 13, 657–676.
Lu, H., Leung, H.-T., Wang, N., Pak, W. L. and Shieh, B.-H.: 2009, Role of ca2+/calmodulin-
dependent protein kinase ii in drosophila photoreceptors., J Biol Chem 284(17), 11100–11109.
Lutz, S., Freichel-Blomquist, A., Yang, Y., Ru¨menapp, U., Jakobs, K. H., Schmidt, M. and Wieland,
T.: 2005, The guanine nucleotide exchange factor p63rhogef, a specific link between gq/11-
coupled receptor signaling and rhoa., J Biol Chem 280(12), 11134–11139.
Lutz, S., Shankaranarayanan, A., Coco, C., Ridilla, M., Nance, M. R., Vettel, C., Baltus, D., Evelyn,
C. R., Neubig, R. R., Wieland, T. and Tesmer, J. J. G.: 2007, Structure of galphaq-p63rhogef-
rhoa complex reveals a pathway for the activation of rhoa by gpcrs., Science 318(5858), 1923–
1927.
Masai, I., Okazaki, A., Hosoya, T. and Hotta, Y.: 1993, Drosophila retinal degeneration a gene
encodes an eye-specific diacylglycerol kinase with cysteine-rich zinc-finger motifs and ankyrin
repeats., Proc Natl Acad Sci U S A 90(23), 11157–11161.
Meyertholen, E. P., Stein, P. J., Williams, M. A. and Ostroy, S. E.: 1987, Studies of the drosophila
norpa phototransduction mutant. ii. photoreceptor degeneration and rhodopsin maintenance.,
J Comp Physiol A 161(6), 793–798.
Michishita, M., Ikeda, T., Nakashiba, T., Ogawa, M., Tashiro, K., Honjo, T., Doi, K., Itohara, S. and
Endo, S.: 2003, A novel gene, btcl1, encoding cub and ldla domains is expressed in restricted
areas of mouse brain., Biochem Biophys Res Commun 306(3), 680–686.
Montell, C.: 1999, Visual transduction in drosophila., Annu Rev Cell Dev Biol 15, 231–268.
Montell, C., Jones, K., Zuker, C. and Rubin, G.: 1987, A second opsin gene expressed in the
ultraviolet-sensitive r7 photoreceptor cells of drosophila melanogaster., J Neurosci 7(5), 1558–
1566.
Moore, C. A. C., Milano, S. K. and Benovic, J. L.: 2007, Regulation of receptor trafficking by grks
and arrestins., Annu Rev Physiol 69, 451–482.
Moses, K., Ellis, M. C. and Rubin, G. M.: 1989, The glass gene encodes a zinc-finger protein
required by drosophila photoreceptor cells., Nature 340(6234), 531–536.
125
Myers, E. W., Sutton, G. G., Delcher, A. L., Dew, I. M., Fasulo, D. P., Flanigan, M. J., Kravitz, S. A.,
Mobarry, C. M., Reinert, K. H., Remington, K. A., Anson, E. L., Bolanos, R. A., Chou, H. H.,
Jordan, C. M., Halpern, A. L., Lonardi, S., Beasley, E. M., Brandon, R. C., Chen, L., Dunn,
P. J., Lai, Z., Liang, Y., Nusskern, D. R., Zhan, M., Zhang, Q., Zheng, X., Rubin, G. M.,
Adams, M. D. and Venter, J. C.: 2000, A whole-genome assembly of drosophila., Science
287(5461), 2196–2204.
Ng, D., Pitcher, G. M., Szilard, R. K., Sertie´, A., Kanisek, M., Clapcote, S. J., Lipina, T., Kalia,
L. V., Joo, D., McKerlie, C., Cortez, M., Roder, J. C., Salter, M. W. and McInnes, R. R.: 2009,
Neto1 is a novel cub-domain nmda receptor-interacting protein required for synaptic plasticity
and learning., PLoS Biol 7(2), e41.
Ni, L., Guo, P., Reddig, K., Mitra, M. and Li, H.-S.: 2008, Mutation of a tadr protein leads to
rhodopsin and gq-dependent retinal degeneration in drosophila., J Neurosci 28(50), 13478–
13487.
Niemeyer, B. A., Suzuki, E., Scott, K., Jalink, K. and Zuker, C. S.: 1996, The drosophila light-
activated conductance is composed of the two channels trp and trpl., Cell 85(5), 651–659.
Nikolaev, A., Zheng, L., Wardill, T. J., O’Kane, C. J., de Polavieja, G. G. and Juusola, M.: 2009,
Network adaptation improves temporal representation of naturalistic stimuli in drosophila eye:
Ii mechanisms., PLoS One 4(1), e4306.
Niu, S.-L., Mitchell, D. C., Lim, S.-Y., Wen, Z.-M., Kim, H.-Y., Salem, N. and Litman, B. J.: 2004,
Reduced g protein-coupled signaling efficiency in retinal rod outer segments in response to
n-3 fatty acid deficiency., J Biol Chem 279(30), 31098–31104.
Olsson, J. E., Gordon, J. W., Pawlyk, B. S., Roof, D., Hayes, A., Molday, R. S., Mukai, S., Cow-
ley, G. S., Berson, E. L. and Dryja, T. P.: 1992, Transgenic mice with a rhodopsin mutation
(pro23his): a mouse model of autosomal dominant retinitis pigmentosa., Neuron 9(5), 815–
830.
Orem, N. R. and Dolph, P. J.: 2002, Loss of the phospholipase c gene product induces massive
endocytosis of rhodopsin and arrestin in drosophila photoreceptors., Vision Res 42(4), 497–
505.
Orem, N. R., Xia, L. and Dolph, P. J.: 2006, An essential role for endocytosis of rhodopsin through
interaction of visual arrestin with the ap-2 adaptor., J Cell Sci 119(Pt 15), 3141–3148.
O’Tousa, J. E., Baehr, W., Martin, R. L., Hirsh, J., Pak, W. L. and Applebury, M. L.: 1985, The
drosophila ninae gene encodes an opsin., Cell 40(4), 839–850.
Pak, W. L. and Leung, H.-T.: 2003, Genetic approaches to visual transduction in drosophila
melanogaster., Receptors Channels 9(3), 149–167.
Palczewski, K.: 2006, G protein-coupled receptor rhodopsin., Annu Rev Biochem 75, 743–767.
Pantazis, A., Segaran, A., Liu, C.-H., Nikolaev, A., Rister, J., Thum, A. S., Roeder, T., Semenov,
E., Juusola, M. and Hardie, R. C.: 2008, Distinct roles for two histamine receptors (hcla and
hclb) at the drosophila photoreceptor synapse., J Neurosci 28(29), 7250–7259.
126
Parks, A. L., Cook, K. R., Belvin, M., Dompe, N. A., Fawcett, R., Huppert, K., Tan, L. R., Winter,
C. G., Bogart, K. P., Deal, J. E., Deal-Herr, M. E., Grant, D., Marcinko, M., Miyazaki, W. Y.,
Robertson, S., Shaw, K. J., Tabios, M., Vysotskaia, V., Zhao, L., Andrade, R. S., Edgar,
K. A., Howie, E., Killpack, K., Milash, B., Norton, A., Thao, D., Whittaker, K., Winner,
M. A., Friedman, L., Margolis, J., Singer, M. A., Kopczynski, C., Curtis, D., Kaufman, T. C.,
Plowman, G. D., Duyk, G. and Francis-Lang, H. L.: 2004, Systematic generation of high-
resolution deletion coverage of the drosophila melanogaster genome., Nat Genet 36(3), 288–
292.
Porter, J. A. and Montell, C.: 1993, Distinct roles of the drosophila ninac kinase and myosin do-
mains revealed by systematic mutagenesis., J Cell Biol 122(3), 601–612.
Raghu, P., Colley, N. J., Webel, R., James, T., Hasan, G., Danin, M., Selinger, Z. and Hardie, R. C.:
2000a, Normal phototransduction in drosophila photoreceptors lacking an insp(3) receptor
gene., Mol Cell Neurosci 15(5), 429–445.
Raghu, P., Usher, K., Jonas, S., Chyb, S., Polyanovsky, A. and Hardie, R. C.: 2000b, Constitu-
tive activity of the light-sensitive channels trp and trpl in the drosophila diacylglycerol kinase
mutant, rdga., Neuron 26(1), 169–179.
Ranganathan, R.: 2003, Cell biology. a matter of life or death., Science 299(5613), 1677–1679.
Ranganathan, R. and Stevens, C. F.: 1995, Arrestin binding determines the rate of inactivation of
the g protein-coupled receptor rhodopsin in vivo., Cell 81(6), 841–848.
Rao, V. R., Cohen, G. B. and Oprian, D. D.: 1994, Rhodopsin mutation g90d and a molecular
mechanism for congenital night blindness., Nature 367(6464), 639–642.
Rao, Y.: 2005, Dissecting nck/dock signaling pathways in drosophila visual system., Int J Biol Sci
1(2), 80–86.
Rascher, K., Servos, G., Berthold, G., Hartwig, H.-G., Warskulat, U., Heller-Stilb, B. and
Ha¨ussinger, D.: 2004, Light deprivation slows but does not prevent the loss of photorecep-
tors in taurine transporter knockout mice., Vision Res 44(17), 2091–2100.
Reuss, H., Mojet, M. H., Chyb, S. and Hardie, R. C.: 1997, In vivo analysis of the drosophila
light-sensitive channels, trp and trpl., Neuron 19(6), 1249–1259.
Rieke, F. and Baylor, D. A.: 1996, Molecular origin of continuous dark noise in rod photoreceptors.,
Biophys J 71(5), 2553–2572.
Rister, J., Pauls, D., Schnell, B., Ting, C.-Y., Lee, C.-H., Sinakevitch, I., Morante, J., Strausfeld,
N. J., Ito, K. and Heisenberg, M.: 2007, Dissection of the peripheral motion channel in the
visual system of drosophila melanogaster., Neuron 56(1), 155–170.
Rojas, R. J., Yohe, M. E., Gershburg, S., Kawano, T., Kozasa, T. and Sondek, J.: 2007, Galphaq
directly activates p63rhogef and trio via a conserved extension of the dbl homology-associated
pleckstrin homology domain., J Biol Chem 282(40), 29201–29210.
Sarthy, P. V.: 1991, Histamine: a neurotransmitter candidate for drosophila photoreceptors., J Neu-
rochem 57(5), 1757–1768.
127
Satoh, A. K., O’Tousa, J. E., Ozaki, K. and Ready, D. F.: 2005, Rab11 mediates post-golgi traf-
ficking of rhodopsin to the photosensitive apical membrane of drosophila photoreceptors.,
Development 132(7), 1487–1497.
Satoh, A. K. and Ready, D. F.: 2005, Arrestin1 mediates light-dependent rhodopsin endocytosis and
cell survival., Curr Biol 15(19), 1722–1733.
Scavarda, N. J., O’tousa, J. and Pak, W. L.: 1983, Drosophila locus with gene-dosage effects on
rhodopsin., Proc Natl Acad Sci U S A 80(14), 4441–4445.
Scott, K., Becker, A., Sun, Y., Hardy, R. and Zuker, C.: 1995, Gq alpha protein function in vivo:
genetic dissection of its role in photoreceptor cell physiology., Neuron 15(4), 919–927.
Seachrist, J. L. and Ferguson, S. S. G.: 2003, Regulation of g protein-coupled receptor endocytosis
and trafficking by rab gtpases., Life Sci 74(2-3), 225–235.
Shenoy, S. K. and Lefkowitz, R. J.: 2003, Multifaceted roles of beta-arrestins in the regulation of
seven-membrane-spanning receptor trafficking and signalling., Biochem J 375(Pt 3), 503–515.
Skegro, D., Pulvermller, A., Krafft, B., Granzin, J., Hofmann, K. P., Bldt, G. and Schlesinger, R.:
2007, N-terminal and c-terminal domains of arrestin both contribute in binding to rhodopsin.,
Photochem Photobiol 83(2), 385–392.
Smith, D. P., Ranganathan, R., Hardy, R. W., Marx, J., Tsuchida, T. and Zuker, C. S.: 1991, Pho-
toreceptor deactivation and retinal degeneration mediated by a photoreceptor-specific protein
kinase c., Science 254(5037), 1478–1484.
Smith, D. P., Shieh, B. H. and Zuker, C. S.: 1990, Isolation and structure of an arrestin gene from
drosophila., Proc Natl Acad Sci U S A 87(3), 1003–1007.
Squire, L. R., Bloom, F. E., McConnell, S. K., Roberts, J. L., Spitzer, N. C. and Zigmond, M. J.:
2003, Fundemental neuroscience, Acadamic Press.
Sto¨hr, H., Berger, C., Fro¨hlich, S. and Weber, B. H. F.: 2002, A novel gene encoding a putative
transmembrane protein with two extracellular cub domains and a low-density lipoprotein class
a module: isolation of alternatively spliced isoforms in retina and brain., Gene 286(2), 223–
231.
Stowers, R. S. and Schwarz, T. L.: 1999, A genetic method for generating drosophila eyes composed
exclusively of mitotic clones of a single genotype., Genetics 152(4), 1631–1639.
Thathiah, A. and Strooper, B. D.: 2009, G protein-coupled receptors, cholinergic dysfunction, and
abeta toxicity in alzheimer’s disease., Sci Signal 2(93), re8.
Trejo, J. and Coughlin, S. R.: 1999, The cytoplasmic tails of protease-activated receptor-1 and
substance p receptor specify sorting to lysosomes versus recycling., J Biol Chem 274(4), 2216–
2224.
Tsang, S. H., Woodruff, M. L., Jun, L., Mahajan, V., Yamashita, C. K., Pedersen, R., Lin, C.-S.,
Goff, S. P., Rosenberg, T., Larsen, M., Farber, D. B. and Nusinowitz, S.: 2007, Transgenic
mice carrying the h258n mutation in the gene encoding the beta-subunit of phosphodiesterase-
6 (pde6b) provide a model for human congenital stationary night blindness., Hum Mutat
28(3), 243–254.
128
Vargas, G. A. and Zastrow, M. V.: 2004, Identification of a novel endocytic recycling signal in the
d1 dopamine receptor., J Biol Chem 279(36), 37461–37469.
Verrey, F., Closs, E. I., Wagner, C. A., Palacin, M., Endou, H. and Kanai, Y.: 2004, Cats and hats:
the slc7 family of amino acid transporters., Pflugers Arch 447(5), 532–542.
Vino´s, J., Jalink, K., Hardy, R. W., Britt, S. G. and Zuker, C. S.: 1997, A g protein-coupled receptor
phosphatase required for rhodopsin function., Science 277(5326), 687–690.
Wang, T., Jiao, Y. and Montell, C.: 2005, Dissecting independent channel and scaffolding roles of
the drosophila transient receptor potential channel., J Cell Biol 171(4), 685–694.
Wang, T. and Montell, C.: 2007, Phototransduction and retinal degeneration in drosophila., Pflugers
Arch 454(5), 821–847.
Wang, T., Wang, X., Xie, Q. and Montell, C.: 2008, The socs box protein stops is required for
phototransduction through its effects on phospholipase c., Neuron 57(1), 56–68.
Wang, T., Xu, H., Oberwinkler, J., Gu, Y., Hardie, R. C. and Montell, C.: 2005a, Light activation,
adaptation, and cell survival functions of the na+/ca2+ exchanger calx., Neuron 45(3), 367–
378.
Wilson, J. H. and Wensel, T. G.: 2003, The nature of dominant mutations of rhodopsin and impli-
cations for gene therapy., Mol Neurobiol 28(2), 149–158.
Wolf, S., Janzen, A., Ve´kony, N., Martine´, U., Strand, D. and Closs, E. I.: 2002, Expression of
solute carrier 7a4 (slc7a4) in the plasma membrane is not sufficient to mediate amino acid
transport activity., Biochem J 364(Pt 3), 767–775.
Wong, F., Schaefer, E. L., Roop, B. C., LaMendola, J. N., Johnson-Seaton, D. and Shao, D.: 1989,
Proper function of the drosophila trp gene product during pupal development is important for
normal visual transduction in the adult., Neuron 3(1), 81–94.
Xu, H., Lee, S.-J., Suzuki, E., Dugan, K. D., Stoddard, A., Li, H.-S., Chodosh, L. A. and Montell, C.:
2004, A lysosomal tetraspanin associated with retinal degeneration identified via a genome-
wide screen., EMBO J 23(4), 811–822.
Yamada, T., Takeuchi, Y., Komori, N., Kobayashi, H., Sakai, Y., Hotta, Y. and Matsumoto, H.:
1990, A 49-kilodalton phosphoprotein in the drosophila photoreceptor is an arrestin homolog.,
Science 248(4954), 483–486.
Yamaguchi, S., Wolf, R., Desplan, C. and Heisenberg, M.: 2008, Motion vision is independent of
color in drosophila., Proc Natl Acad Sci U S A 105(12), 4910–4915.
Yamamoto, S., Sippel, K. C., Berson, E. L. and Dryja, T. P.: 1997, Defects in the rhodopsin kinase
gene in the oguchi form of stationary night blindness., Nat Genet 15(2), 175–178.
Yoon, J., Ben-Ami, H. C., Hong, Y. S., Park, S., Strong, L. L., Bowman, J., Geng, C., Baek, K.,
Minke, B. and Pak, W. L.: 2000, Novel mechanism of massive photoreceptor degeneration
caused by mutations in the trp gene of drosophila., J Neurosci 20(2), 649–659.
129
Zelhof, A. C., Koundakjian, E., Scully, A. L., Hardy, R. W. and Pounds, L.: 2003, Mutation of the
photoreceptor specific homeodomain gene pph13 results in defects in phototransduction and
rhabdomere morphogenesis., Development 130(18), 4383–4392.
Zhang, W., St-Gelais, F., Grabner, C. P., Trinidad, J. C., Sumioka, A., Morimoto-Tomita, M., Kim,
K. S., Straub, C., Burlingame, A. L., Howe, J. R. and Tomita, S.: 2009, A transmembrane
accessory subunit that modulates kainate-type glutamate receptors., Neuron 61(3), 385–396.
Zheng, L., Nikolaev, A., Wardill, T. J., O’Kane, C. J., de Polavieja, G. G. and Juusola, M.: 2009,
Network adaptation improves temporal representation of naturalistic stimuli in drosophila eye:
I dynamics., PLoS One 4(1), e4307.
Zinkl, G. M., Maier, L., Studer, K., Sapp, R., Chen, D. M. and Stark, W. S.: 1990, Microphotomet-
ric, ultrastructural, and electrophysiological analyses of light-dependent processes on visual
receptors in white-eyed wild-type and norpa (no receptor potential) mutant drosophila., Vis
Neurosci 5(5), 429–439.
Zuker, C. S.: 1996, The biology of vision of drosophila., Proc Natl Acad Sci U S A 93(2), 571–576.
Zuker, C. S., Cowman, A. F. and Rubin, G. M.: 1985, Isolation and structure of a rhodopsin gene
from d. melanogaster., Cell 40(4), 851–858.
Zuker, C. S., Montell, C., Jones, K., Laverty, T. and Rubin, G. M.: 1987, A rhodopsin gene
expressed in photoreceptor cell r7 of the drosophila eye: homologies with other signal-
transducing molecules., J Neurosci 7(5), 1550–1557.
